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The question of when two skew Young diagrams produce the same skew Schur
function has been well studied. We investigate the same question in the case of
stable Grothendieck polynomials, which are the K-theoretic analogues of the
Schur functions. We prove a necessary condition for two skew shapes to give rise
to the same dual stable Grothendieck polynomial. We also provide a necessary
and sufficient condition in the case where the two skew shapes are ribbons.

1. Introduction

It is well known that the Schur functions indexed by the set of partitions {s;}
form a linear basis for the ring of symmetric functions over Z. However, for
general skew shapes A/, the corresponding Schur functions are no longer linearly
independent. In fact, two different skew shapes can give rise to the same Schur
function. Such skew shapes are called Schur equivalent. There are trivial examples
of such equivalences — for instance (2) is clearly Schur-equivalent to (4)/(2) as
they yield the same shape positioned differently in space — and there are also many
nontrivial examples (note that we use angled brackets here to denote a partition
instead of parentheses to avoid ambiguity with later notation). For example, the
shapes shown below are Schur equivalent [Reiner et al. 2007].

l l

It is natural to ask when these coincidences occur. One application of this type
of result involves the representation theory of GLy (C). In this setting, equality
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among skew Schur functions corresponds to equivalence of certain GLy (C) mod-
ules [Reiner et al. 2007]. Coincidences among skew Schur functions have been
studied by Billera—Thomas—van Willigenburg [Billera et al. 2006], Reiner—Shaw—
van Willigenburg [Reiner et al. 2007], and McNamara—van Willigenburg [2009],
among others.

The stable and dual stable Grothendieck polynomials are natural (K -theoretic)
analogues of Schur functions obtained as weighted generating functions over set-
valued tableaux and reverse plane partitions, respectively [Buch 2002; Lam and
Pylyavskyy 2007]. Roughly speaking, while the Schur functions give information
about the cohomology of the Grassmannian, these analogues give information about
the K-theory of the Grassmannian, where K -theory is a generalized cohomology
theory. Our work concerns the combinatorics of these objects, so knowledge of
cohomology theories is not necessary.

The question of coincidences among stable and dual stable Grothendieck poly-
nomials of skew shapes was previously unstudied. After a brief background in
symmetric functions, we focus on dual stable Grothendieck polynomials of ribbon
shape g,, where a ribbon is a connected Young diagram containing no 2 x 2 square.
For a ribbon shape «, let «* denote the shape obtained by 180-degree rotation. We
prove the following theorem.

Theorem 3.4. For ribbons a and B, we have g, = gg if and only if a = B or
o= p*

We next prove two necessary conditions for dual stable Grothendieck equivalence

involving bottleneck numbers of shape 1/, biM K,

Theorem 3.9. Suppose g; ;. = gy v. Then

Yy rMuo gyl y/v
by’ +b, i =b" +b,

fori=1,2,...,n, where n is the number of columns in A/ L.

Corollary 3.15. Suppose g, /. = gy /v- Then

n

i=1

i=1
In Section 4, we prove the following result for stable Grothendieck polynomials,
where A’ is the transpose or conjugate of skew shape A.

Theorem 4.2. If G 4 = G p for skew shapes A and B, then G 4 = G p.

We end by giving examples that show that stable Grothendieck equivalence does
not imply dual stable Grothendieck equivalence and vice versa and by highlighting
areas for future research.
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2. Preliminaries

Partitions and tableaux. A partition . = (,1, Ay, ..., Ag) of a positive integer n
is a weakly decreasing sequence of positive integers A; > Ay > --- > A, > 0 whose
sum is n. The integer A; is called the i-th part of A. We call n the size of A,
denoted by |A| = n. Throughout this document A will refer to a partition. We may
visualize a partition A using a Young diagram: a collection of left-justified boxes
where the i-th row from the top has A; boxes. For example, the Young diagram of
A =1(5,2,1, 1) is shown below.

[ 1]

A skew shape )./ is a pair of partitions A = (Aq, ..., Ap) and u = (U1, ..., Ug)
such that k < m and pu; < A; for all i. We form the Young diagram of a skew
shape A/u by superimposing the Young diagrams of A and x and removing the
boxes that are contained in both. If x is empty, A/ = A is called a straight shape.
Given a skew shape A/, we define its antipodal rotation (1/u)* as the skew shape
obtained by rotating the Young diagram of A/ by 180 degrees. For example,
the Young diagrams of the skew shapes (6, 3, 1)/(3, 1) and ({6, 3, 1)/(3, 1))* are
shown below.

[T 1] . ]
(6,3,1>/<3,1)=[_ | ((6,3,1)/(3,1)" = |

L1

A semistandard Young tableau of shape A/ is a filling of the boxes of the Young

diagram of A/u with positive integers such that the entries weakly increase from
left to right across rows and strictly increase from top to bottom down columns.
Two semistandard Young tableaux are shown below.

1]4]7] 1[3]3]
6 1]4]6
[1]4

’@l\)'—‘

A set-valued tableau of shape A/ is a filling of the boxes of the Young diagram
of A/ with finite, nonempty sets of positive integers such that the entries weakly
increase from left to right across rows and strictly increase from top to bottom
down columns. For two sets of positive integers A and B, we say that A < B if
max A <min B and A < B if max A < min B. For a set-valued tableau 7', we define
|T|, the size of T, to be the sum of the sizes of the sets appearing as entries in 7.
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For example,

1,2(2,3] 6 | 9

315

6 16,7

is a set-valued tableau of shape A = (4, 2, 2) and size 11.

A reverse plane partition (RPP) of shape A/u is a filling of the boxes of the
Young diagram of A/u with positive integers such that the entries weakly increase
both from left to right across rows and from top to bottom down columns. For
example,

1[1]2]7
1
\12

is a reverse plane partition of shape (5, 5, 4)/(1, 1).

Symmetric functions. To each of the above fillings of a Young diagram we may
associate a monomial as follows. First, let T be a semistandard or set-valued tableau.
We associate a monomial x” given by

xl = l_[ x;n",
ieN
where m; is the number of times the integer i appears as an entry in 7. For
example, the semistandard Young tableaux shown above correspond to monomials
x%x2x4x6x7x9 and xfx%x‘%x@ respectively, while the set-valued tableau corresponds
to monomial x1x§x§x5x§x7x9.

Given a reverse plane partition P, the associated monomial x*' is given by
P _ mi
= l_[ X
ieN
where m; is the number of columns of P that contain the integer i as an entry. The
reverse plane partition shown above has monomial x%x%chg.
We can now define the Schur functions, the stable Grothendieck polynomials, and

the dual stable Grothendieck polynomials, which are all indexed by skew shapes.
We define the Schur function s;,;, by

2 : T
Sa/u = X,
T

where we sum over all semistandard Young tableaux of shape A /u. Note that entries
may be any positive integer, so s;/, will be an infinite sum where each term has
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degree |A/u| = |A| — |u|. For example,

Sy =X1 +xX2+ X3+ X4+,

and
82,1y = xlzxz —|—)C12X3 +X22X3 4+ 2x1x0x3 + 2x1X0X4 + - - -+ 2X4x8X101 + - -

Though is it not obvious from this combinatorial definition, the Schur functions
are symmetric functions. In other words, each s;,/,, is unchanged after permuting any
finite subset of the infinite variable set {x, x», . ..}. Moreover, the Schur functions
indexed by straight shapes {s,} form a basis for the ring of symmetric functions
over Z. These functions arise naturally in areas like algebraic combinatorics,
representation theory, and Schubert calculus. We refer the interested reader to
[Stanley 1999] for further reading on Schur functions and symmetric functions.

We next define the stable Grothendieck polynomial, the first of two K -theoretic
analogues of the Schur functions. We direct the interested reader to [Buch 2002]
for more on this topic and for an explanation of the connection to K-theory. The
stable Grothendieck polynomial G, is defined by

Giju= ) (=DM,
T

where we sum over all set-valued tableaux of shape A /.

Note that semistandard tableaux are set-valued tableaux where each subset has
size one. It follows that each G, /, will be a sum of s/, plus terms of degree
greater than |A/u|. While each term in a Schur function has the same degree, each
stable Grothendieck polynomial is an infinite sum where terms have arbitrarily large
degree. For example,

Gy =x1+x2+---—X1X2 —X2X3 + -+ - + X1 X2X4X5X9 + - - -,

and
G(z,z)/“) = XIZXQ +2X1X2X3 R 3)612)62)63 — 8)(2)65)69)6114 — -+2x12x%x3 +---

The other natural K -theoretic analogue of the Schur function is the dual stable
Grothendieck polynomial. It is dual to the stable Grothendieck polynomial under
the Hall inner product. We refer the reader to [Lam and Pylyavskyy 2007] for more
background. We define the dual stable Grothendieck polynomial g; /., by

n/n = ZXP»
P

where the sum is over all reverse plane partitions of shape A/u.
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Again, note that semistandard Young tableaux are examples of reverse plane
partitions where the columns are strictly increasing. As a result, each dual stable
Grothendieck polynomial g; ., is a sum of the Schur function indexed by the same
shape s,,/,, and terms of degree strictly less than |A/u|. They are again infinite sums,
but now each term has degree at most |A/x| and at least the number of columns in
shape A /u. For example,

g1y = X7x2 +2X1X0x3 + - -+ X X X X3+ X xT

Though it is again not obvious from the definitions, both the stable and dual stable
Grothendieck polynomials are symmetric functions. We use this fact throughout
this paper.

We say that two skew shapes D, and D, are G-equivalent or g-equivalent if
Gp, = Gp, or gp, = gp,, respectively. Since any Gp contains sp as its lowest
degree terms, G p, = G p, implies sp, =sp,. Similarly, gp, = gp, implies sp, =sp,.
Furthermore, it is straightforward to check that two skew shapes that are equivalent
in any of the three aforementioned senses must have the same number of rows and
columns. We will implicitly use this fact throughout.

It is an easy consequence of symmetry that all three notions of skew equivalence
are preserved under antipodal rotation, *. We provide a proof for stable Grothendieck
polynomials below.

Proposition 2.1. For any skew shape /11, G/ = G and g/ = &0 /u)*

Proof. We prove the result for stable Grothendieck polynomials; the argument
for dual stable Grothendieck polynomials is similar. Let x; = xi’: lxg .. .inZ “be a
monomial with i1 < i» < --- < i;. It suffices to show that the x;-coefficient of each
of the two polynomials is equal. To do so, we construct a bijection between set-
valued tableaux of shape A/u with weight monomial x; and set-valued tableaux of
shape (A/p)* with weight monomial x; = xi‘; ‘Jr]_l.lxl.’Z iy .x{*. This bijection,
which is in fact an involution, maps a tableau T to the tableau 7" given by rotating
T and then replacing every entry j with iy + 1 — j. An example is given below,

where i, = 5.

1 12,3 3 1 2 4
T = 2|1 4 |—| 4|2 — 1 3 =7
1 3 3,21 1 2,3 4

Thus, the x;-coefficient of G ,,)+ is equal to the x;-coefficient of G, /.. By
symmetry, the x;/-coefficient of G ;,/,,)+ is equal to the x;-coefficient of G /), s0
the x;-coefficients of G/, and G, /) are equal, as desired. U
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Ribbon shapes. We will be interested in a special class of skew shapes known as
ribbons. A skew shape « is called a ribbon if it is connected and contains no 2 x 2
rectangles. Being connected means that if there is more than one box, then each
box must share an edge with another box. The shape shown below on the left is
a ribbon while the shape in the middle and on the right are not. The shape in the
middle contains a 2 x 2 rectangle and the shape on the right is not connected.

[] [] []
[ [ [
LTI LI

A composition of a positive integer n is an ordered list of positive integers
that sum to n. We will write compositions inside of parentheses. For example,
(2,7,4,9) is a composition of 22. It is easy to see that ribbons of size n are in
bijection with compositions of 7n: to obtain a composition from a ribbon shape,
simply read the row sizes from bottom to top. This is clearly a bijection. For
this reason, we will denote a ribbon shape by the associated composition «. For
example, the we denote the ribbon shown above by (6, 5, 3).

Note that one can also construct a bijection between compositions and ribbons
using the sizes of the columns of « read from left to right. We also describe ribbon
shapes this way, and we use square brackets in place of parentheses to denote
this column reading. For example, the ribbon shown above may be written as
[(1,1,1,1,1,2,1,1,1,2,1, 1].

Notice that the antipodal rotation o* of o = («y, oz, ..., o) is the ribbon
(o, p—1, . .., a1). We refer to o™ as the reverse ribbon of «. For a ribbon shape «,
we denote the corresponding Schur function by s, and refer to it as the ribbon
Schur function.

We now define several binary operations on the set of ribbons as in [Reiner et al.
2007]. Here we let o = (aq, ..., o) and 8 = (B4, ..., Bm) be ribbons. We define
the concatenation operation

O['le(ala"'aakvﬁl»"'aﬁm)

and the near concatenation operation

a®ﬁ:(alv---sakflsak-"_ﬂl’ﬁz?"'sIBm)-
We let

We can combine the two concatenation operations to yield a third operation o,
defined by

050,3:,3@0” 'ﬁGaz”"B@ak.
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Example 2.2. Consider ribbons o = (3, 2) and 8 = (1, 2) shown below.

a=H- A=

Then o - B and o © B are as follows:

o-B= 5; a®B=
i ]

The operation « o 8 replaces each square of « with a copy of 8. The copies of
are near-concatenated if the corresponding blocks of « are horizontally adjacent
and concatenated if the corresponding blocks of « are vertically adjacent.

O[oﬂ:

If aribbon « can be written in the form o = B 0- - -0 8¢, we call this a factorization
of «. A factorization o« = Boy is called trivial if any of the following conditions hold:

(1) One of B or y consists of a single square.
(2) Both g and y consist of a single row.
(3) Both g and y consist of a single column.

A factorization @ = 81 o- - - o ¢ is called irreducible if none of the factorizations
Bi o Bi+1 are trivial and each B; has no nontrivial factorization. In [Billera et al.
2006], the authors prove that every ribbon « has a unique irreducible factorization.
They then prove the following theorem.

Theorem 2.3 [Billera et al. 2006]. Two ribbons o and B satisfy s, = sg if and only
if a and B have irreducible factorizations

a=oj0---oqr and PB=pPio---0pk,
where each B; is equal to either a; or .

In the next section, we use the above theorem to prove a necessary and sufficient
condition for two ribbons to be g-equivalent. We also provide a necessary condition
for two skew shapes to be g-equivalent.

3. Coincidences of dual stable Grothendieck polynomials

Ribbons. The main result of this section is that for two ribbons « and 8, we have
8o = gp if and only if @ = B or o = B*. We will obtain restrictions on « and B by
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writing the dual stable Grothendieck polynomials in terms of ribbon Schur functions
and comparing the coefficients in the resulting expansions.

The next proposition requires the following ordering on ribbons. For ribbons
oa=lay,...,ay]and y =[y1, ..., ¥n] with the same number of columns, we write
y <aify; <ao; foreachi=1,...,n.

Proposition 3.1. Let o = [«, ..., a,] be a ribbon. The dual stable Grothendieck
polynomial g, can be decomposed into a sum of ribbon Schur functions as

. o; — 1
e (i)
Proof. We define a map from reverse plane partitions of ribbon shape « to the
set of semistandard Young tableaux of shape y where y < «. Given a reverse
plane partition T of shape o, map T to a semistandard Young tableau of shape
y =[y1,..., ¥nl, where y; is the number of distinct entries in column i in 7. Fill
column i of y with the distinct entries of column i in 7 in increasing order. This
gives a semistandard Young tableau because columns are clearly strictly increasing
and rows will remain weakly increasing.

This map preserves the monomial corresponding to the reverse plane partition.
The map is also surjective, since any semistandard Young tableau of shape y where
y < « is mapped to by any reverse plane partition with the same entries in each
column but with some entries copied.

It remains to show each semistandard Young tableau is mapped to by exactly
I1 (;‘l’:;l) reverse plane partitions. Fix some semistandard Young tableau of shape
y < a. We construct all possible reverse plane partitions of o mapping to this
semistandard Young tableau column by column. Given column i of «, consider the
a; — 1 pairs of adjacent squares in the column. Since there are y; distinct entries in
the column and the entries are written in weakly increasing order, «; — y; of these
pairs must match. A size («; — y;) subset of the ; — 1 pairs of adjacent squares
gives a unique filling, where the given subset is the set of adjacent squares that
match. Thus the number of possible fillings for each column is (;‘i":;i), giving the
desired formula. (]

Lemma 3.2. Let o = [oy,...,a,] and B = [B1, ..., Bu]l be ribbons such that
8o =gp- Thenforalli=1,...,n,we have a; +a,—it1 = Bi + Bu—it1.

Proof. We use Proposition 3.1 to write g, and gg as a sum of ribbon Schur functions.
Note that all terms of degree n + 1 in both sums are of the form s,,, where y is a
ribbon (i, n —i 4 1). Let A denote the set of all compositions of n 4 1 with weakly
decreasing parts (i.e., the set of partitions of n + 1). It is shown in [Billera et al.
2006, Proposition 2.2] that the set {sy}4c4 forms a basis for A, 1, the degree n + 1
elements of the ring of symmetric functions. Then since each ribbon (i, n —i + 1)
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is Schur equivalent to (n —i + 1, i), it follows that the set of Schur functions of
such ribbons is linearly independent. Comparing coefficients in the respective sums
gives the desired equality. ([

Lemma 3.3. Suppose o and B are ribbons such that g, = gg, o # B, and there
exist ribbons o, T, and |t such thata = o o and B =t o u. Then u = u*.

Proof. Let u =1[uy, ..., ), @« =lay,...,0,], and 8 = [B1, ..., Bs]. By hy-
pothesis, we have that « = p [y ---Up w and B = p o1 - - - o5 u, where each
[J; and ¢; is one of the operations - or ®. Thus each «; and §; is equal to one
of wy, ..., uy or wy + w;. Since o # B, let r be the minimal index such that
or # Br. We see that {«,, 8} = {us, 41 + 1} because the first index where o
and B disagree corresponds to the first index i where [J; # ¢;. By Lemma 3.2
it follows that if o; = §; then «,,—;+1 = B,—i+1. Hence n —r 4 1 is the maximal
index where « and B disagree. Note that by the same argument we similarly have

{otn—rg1s Bo—rs1} = {101, 1 + s}
We have o, + op—r41 = B, + Bn—r+1 by Lemma 3.2. Substituting the possible

values of o, # B, and «,,—,4+1 7 Bu—r+1, We find that this equation is either

w1+ e =2(py + ()
or

2p0 + e = o+ 24
The first equation is a contradiction. Thus the second equation holds, implying that
©1 = . We will show by induction that p; = u,—;41, completing the proof. We
have just shown the base case. For the general case, we have by Lemma 3.2,
ryi +n—r—i+1 = Brti + Bn—r—i+1-
We may assume without loss of generality that o, = ;. Then we have o, 41 =
1+ e, Br = w1+ e and By 41 = 1. Therefore
Qryi = Wi, Brvi = Miy1,

Qpr—itl = Mi—is Bnor—itl = hr—iy1-
We thus have

Wi+ r—i = i1+ PLr—it1-
By the inductive hypothesis p; = (;—;+1, SO (ij+1 = ;—;, finishing the proof. [J
We are now ready for the main result of this section.
Theorem 3.4. For ribbons a and B, we have g, = gg if and only if a = B or
o= p*
Proof. Suppose g4 = gg. Then s, = sg. By Theorem 2.3, we have irreducible
factorizations

a=qgo---oay, B=pPro---0p.
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Here we reverse the indices for ease of induction. We prove by induction on r that
forr=1,...,k we have

& 0o €{Bro-0fi, (Bro--0p)).

By Theorem 2.3 we have | € {1, B]}, so the base case is satisfied. Now suppose
r > 2. By the inductive hypothesis we have

or_10---oa €{fr—10---0P1, (Br—10---0p1)*}

If « = 8 we are done, so we may assume otherwise. Then by letting 4 =, _j0- - -0
and applying Lemma 3.3 to « and either 8 or §*, we have

Br—10o---0Bfr=(B—10---0B)".

Since we also have that o, € {B,, B} we are done. O

Necessary condition: bottlenecks. We now move to the case of determining equal-
ity of dual stable Grothendieck polynomials of general skew shape. We introduce
the “bottleneck numbers” of a skew diagram and use these to construct closed-form
expressions for certain coefficients of its dual Grothendieck polynomial. We then
obtain a necessary condition for g-equivalence that generalizes Lemma 3.2.

For the following definition, we define an interior horizontal edge to be a
horizontal edge of a box in a Young diagram that lies neither at the top boundary
nor the bottom boundary of the Young diagram.

Definition 3.5. A bottleneck edge in a skew shape A/u is an interior horizontal
edge touching both the left and right boundaries of the shape. For example, the red
edges in Figure 1 are bottleneck edges. We let bl.k/ " denote the number of bottleneck
edges in column i.

If the shape A /u has n columns and m rows, then the number of bottleneck edges
incolumni fori =1, 2,...,n is equivalently

Bt =l<j<m—1|uj=i—1, hjy1=i}|.

When the skew shape in question is clear, we will often suppress the superscript.
Bottleneck edges are related to the row overlap compositions defined in [Reiner
et al. 2007], which we now review.

Definition 3.6 [Reiner et al. 2007]. The k-row overlap composition r® of a skew

diagram A/ with m rows is (rl(k), R r,;klkH), where rl.(k)

containing squares in all the rows i,i +1,...,i +k— 1.

is the number of columns

In particular, r® = (ka— 01, A3 — (2, - . . Am — m—1). Thus bottleneck edges
correspond to 1s in the 2-row overlap composition. When the 2, 3, ..., m row
overlap compositions are written, they form a triangular array of nonnegative
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|

Figure 1. The skew shape (5, 5,4,2,2,2)/(4,2,1, 1, 1) has three
bottleneck edges in column 2 and one bottleneck edge in column 5.

integers as shown in Example 3.7. A column having i bottleneck edges corresponds
in the array to an equilateral triangle of 1s with side length i. In [Reiner et al. 2007],
it is proven that the k-overlap compositions of two Schur equivalent shapes are
permutations of each other for each k.

Example 3.7. Let A/ =(5,5,4,2,2,2)/{4,2, 1, 1, 1). Then the number of bottle-
neck edges in each column is shown below. Here, (by, by, b3, bs, b5) = (0, 3,0, 0, 1).

The row overlap compositions @, ..., r©® are
r© 0
r® 0 0
r@ 0 0 1
r® 0 0 1 1
r® 1 2 1 1 1

Definition 3.8. We define a /,2-RPP to be a reverse plane partition involving only
1s and 2s. A mixed column of a 1,2-RPP contains both 1s and 2s while an i-pure
column contains only i’s.

Note the 1,2-RPPs of a given shape are in bijection with lattice paths from the
upper right vertex of the shape to the lower left vertex of the shape. The corre-
sponding 1,2-RPP can be generated from such a lattice path by filling the squares
below the path with 2s and the squares above the path with 1s. Conversely, the
corresponding lattice path can be recovered from a 1,2-RPP by drawing horizontal
segments below the last 1 (if there are any) in a column and above the first 2 (if
there are any) in a column. Vertical segments can then be drawn to connect these
horizontal segments into a lattice path. Observe that mixed columns in the 1,2-RPP
correspond to interior horizontal edges in the lattice path.

Theorem 3.9. Let A/ be a skew shape with n columns, and suppose g, = &y /v
Then

ym rMuo gyl y/v
by +b, i =b +b,

fori=1,2,...,n.
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212
11112
1{1]2
112

Figure 2. Inside the skew shape, 1,2-RPPs correspond to lattice
paths. Note the red interior horizontal edge corresponds to the
boundary between the 1s and 2s in the mixed column.

Note that y /v must also have n columns.

Proof. Fix a shape A/u with m rows and n columns. We will compute the coeffi-
cients for terms of the form x| xg_”r] in g, /u. Since g/, is symmetric, we may
assume without loss of generality that r <n —r + 1.

By the bijection between 1,2-RPPs and lattice paths given above, we may compute
the coefficient of x| xé‘"“ by counting the number of lattice paths corresponding
to this monomial. Note that any such lattice path must have exactly one interior
horizontal edge. For each interior horizontal edge, we will count the number of
lattice paths corresponding to the monomial x{x5 ™" *1 using the given edge. There
are four cases: the interior horizontal edge either touches neither boundary, only
the left boundary, only the right boundary, or both the left and right boundary (i.e.,
the edge is a bottleneck edge).

Fix an interior horizontal edge and suppose it lies in column i. Consider first the
case where the interior horizontal edge touches neither boundary. Suppose a lattice
path uses the given edge as its only interior horizontal edge. Then, as depicted in
Figure 3, the lattice path must travel the top boundary until column i and then drop
to the horizontal edge. Then from the left endpoint of the given edge the path must
drop to the bottom boundary and travel along the bottom boundary until reaching
the bottom left. Hence there is a unique lattice path that uses the given edge as its
only interior horizontal edge. Note that the corresponding 1,2-RPP has i columns
with 1s and n — i + 1 columns with 2s. Thus the lattice path gives the monomial
x7x3~"*! exactly when the edge lies in column r.

Next suppose the edge touches only the right boundary. Then as depicted in
Figure 4, there may be multiple lattice paths using the edge: from the top right,
the path may travel along the top boundary and drop down at any column before
reaching column i. Note that the lattice path can correspond to a 1,2-RPP with
between i and n columns containing 1s, and that the number of columns containing
Is determines the path. Similarly, if the edge touches only the left boundary, then
after reaching the edge the path can drop down to the bottom boundary at any
column before i. Hence the lattice path can correspond to a 1,2-RPP with between 1

and i columns containing 1s.
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Figure 3. Given an interior horizontal edge touching neither bound-
ary, there is a unique lattice path with a single interior edge using
the edge. If the edge lies in column i, the path contains i columns

with 1s and hence corresponds to the monomial x’ixé"’“.

Figure 4. When the edge touches only the right boundary, a lattice
path using this edge can now drop down from the top boundary
at any column after column i. However, there is a unique path
corresponding to the monomial x| xg_’“ if i <r and no possible

paths if i > r.

Thus we have identified three cases where there is at least one lattice path
corresponding to x| x’;_”r]: the interior horizontal edge lies in one of column
1, ..., r and touches the right boundary, the edge lies in column r and touches
neither boundary, or the edges lies in one of column r, ..., n and touches the left

boundary. We will consider the fourth case, where the interior edge is a bottleneck
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[

Figure 5. There are m — 1 possible edges that can be chosen as
the interior horizontal edge for a lattice path. Unless the edge is a
bottleneck edge, each such edge corresponds to a unique lattice path.

edge, in the next paragraph. Fix two adjacent rows, and consider the set of horizontal
edges between these two rows. The columns that these edges lie in are either all
to the left of column r, contain column r, or all to the right of column r. In any
of these three cases there is exactly one valid edge, as depicted in Figure 5. That
is, between any two adjacent rows there is exactly one edge that corresponds to
at least one lattice path. Since there are m rows, this gives m — 1 possible valid
interior horizontal edges. Unless the edges are bottleneck edges, each possible edge
corresponds to a single lattice path. It remains to count the additional lattice paths
given by bottleneck edges.

Now suppose the interior horizontal edge is a bottleneck edge lying in column i.
Then there is flexibility on both sides: there can be between 0 and (i — 1) 1-pure
columns to the left of column i and between O and (n — i) 2-pure columns to the
right of column i. If there are x 1-pure columns to the left of column i, x may be
between 0 and max(i — 1, r — 1). If x 1-pure columns lie to the left, the remaining
(r —x — 1) 1-pure columns can be chosen to be to the right of column i (because
we assumed that r <n —r + 1). Hence there are max (i, r) possible lattice paths
using a given bottleneck edge in column i.

We can now give a formula for the coefficient of x| xé’*r“. Letk = (%n] and

fi=bi+byiz1 fori=1,2,... k—1.

If n is even, let f; = by + b,—_;+1 and if n is odd, let f; = by. There are always at
least m — 1 valid lattice paths. Each bottleneck edge in column i also contributes
an additional max(i, r) — 1 lattice paths. Hence the coefficient is

m—=—D+fL+2/+3fat--+0-Dfi+C=Dfr1+---+0—-Dfi
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Let ¢ denote the coefficient of x| x} —+1 Note that for 2 < r < k — 1, we have
2t, —t,—1 —tr41 = f». Since any two g-equivalent shapes A/u and y /v must have
the same coefficients #,, it follows that for 2 <r <k — 1 the sums f, = b, +b,,_, 11
are the same for the two shapes. Also, since

h=m—-D+fH+2f3+3fst+-- -+ k=D

is invariant for the two shapes, it then follows that f} is invariant for the two shapes.

By [Reiner et al. 2007, Corollary 8.11], we also have that by + --- + b, =
f1+---+ fr is invariant, since the total number of bottleneck edges is the number
of 1s in the 2-row overlap composition. Hence f; is invariant as well. (]

Remark 3.10. Foraribbon [«], a7, ..., a,], wehave b, =a;—1fori=1,2,...,n.
Hence Theorem 3.9 generalizes Lemma 3.2 as noted at the beginning of the section.

Example 3.11. It is noted in [Reiner et al. 2007] that the shapes
| |

are Schur equivalent. But since b, + bs = 2 for the first shape and b, + bs = 1 for
the second shape, it follows that the two shapes are not g-equivalent.

Example 3.12. Having the same bottleneck edge sequence is not sufficient for two
skew shapes to be g-equivalent. By [Reiner et al. 2007, Theorem 7.6], the shapes D
and D, below are equivalent and have the same bottleneck edge sequence. However,
upon computation it is found that they are not g-equivalent.

l
D) = D, =

l

Since the bottleneck condition followed as a result of comparing terms of g with
degree n + 1 in two variables, it is natural to compute coefficients for terms of
higher degree or more variables. The following result shows that terms of degree
n + 1 and more than two variables do not impose additional constraints for two
skew shapes to be g-equivalent.

Proposition 3.13. Suppose two skew shapes )./ and y /v have the same number
of rows and the polynomial g, and g, ,, have same coefficient for every term of
degree n + 1 with two variables. Then in fact these polynomials have the same
coefficient for any term of degree n + 1.
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Figure 6. The remaining shape shaded in gray is a skew shape
with n — iy columns, denoted (A/u);,.

Proof. Fix positive integers iy, iz, .. ., iy, where kK > 2 is some positive integer,
and let n = (ZI;: 1 i j) - '1. Given a skew diagram A/u with n columns, we claim
that the coefficient of x{'x’...x;* can be expressed as a Z-linear combination
co+cabr+...cy—1b,—; of the bottleneck numbers b;. Furthermore, the constant cg
is known to be (k — 1)(m — 1), where m is the number of rows in A/u. We proceed
by induction on k.

The base case k =2 is given in the proof of Theorem 3.9, so we may assume k > 3.
We count the number of reverse plane partitions giving the monomial xil .. .x,’f.

Suppose first that every column containing a 1 is in fact 1-pure. Then the first
i1 columns must be filled with 1s. Note the remaining squares form a skew shape
with n —i; columns, as depicted in Figure 6. We henceforth use (A/u);, to denote
the skew shape given by removing the first i1 columns of A /u. Note (A/u);, must
be filled with a reverse plane partition giving the monomial xéz x -x,i".

Let m’ be the number of rows in the shape obtained by removing the first i;
columns from A/u. Then by induction the number of ways to fill in this shape is

(k=2)(m" = 1) 4c; obiyy2+- -4 cp_1bn

for some integers ¢; (5, ..., ¢, _;-

The remaining case is when the reverse plane partition has a mixed column
containing a 1. Given such a reverse plane partition, consider the 1,2-RPP obtained
by replacing every entry greater than or equal to 2 with 2. From this 1,2-RPP,
we obtain a lattice path via our previously described bijection between 1,2-RPPs
and lattice paths. Since the reverse plane partition has a mixed column containing
a 1 and the total degree of the monomial xi'x? .. .x,ik is n + 1, this lattice path
must have a single interior horizontal edge. As noted in Figure 5, there are m — 1

possibilities for the unique interior horizontal edge.
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L]

[N RV VI U U

1
1

Figure 7. Case 1: the lattice path uses an edge in columns 1, . . ., i
touching the bottom boundary. Then the remaining shape is the
union of (A/u);, and a single column.

Consider first the interior horizontal edges in columns 1, ..., i; touching the
bottom boundary of A/u. This case is depicted in Figure 7. Note that there are
m — m’ such edges, since in total there are m — 1 edges touching the bottom
boundary and exactly m’ — 1 of them lie in columns i; + 1, ..., n. For each of
these m —m’ edges, there is only one possible lattice path. The path starts at the
top right, travels along the top boundary until it reaches the boundary between
column i; and column i; + 1, drops down to the bottom boundary, and travels
along the bottom boundary until the horizontal edge, traverses the edge, and then
immediately drops back down to the bottom boundary and traverses it until reaching
the bottom left. This lattice path determines which squares are filled with 1s. The
remaining shape is a disconnected skew shape where one component is a single
column and the other component is (A/u);,. There are (k — 1) fillings using this
lattice path, since the column below the edge may be filled with any of 2, ...,k
and the remaining columns must fill (A/u);, in increasing order. Note that unless
the edge is a bottleneck edge, this is the unique lattice path using this edge.

The remaining m’ — 1 edges are those in column i; not touching the bottom
boundary and the edges in column i; 4+ 1, ..., n touching the top boundary. We
similarly describe a possible lattice path for each of these edges. Suppose the edge
lies in column i. The path starts at the top right, travels along the top boundary until
the boundary between column i and i 4 1, drops down to the edge and traverses it,
traverses the top boundary until the boundary between column i; — 1 and column iy,
and drops down to the bottom boundary and traverses it until reaching the bottom
left. This path determines which squares are filled with 1s. The remaining squares
form a (possibly disconnected) skew shape, which must be filled with no mixed
columns. Note the remaining skew shape is connected if and only if the horizontal
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[ L1]1]

—| = = | =

[N VI VI VI
[N RV VI JVEIN VN

Figure 8. The remaining shape will have 1 or 2 components. The
number of fillings is determined by i, ..., ity and the number of
columns in the components.

edge was not a bottleneck edge. If the shape is connected, then filling the columns
in increasing order is the only possible filling. Otherwise, this is one possible filling
but there may be more.

Thus far, this gives us

(k=2)(m" = 1)+ ¢} yobiy 12+ -4y ybui + (k= D) (m —m') 4 (m" — 1)
=(k—1)(m—1) 4] jobijy2+- -+, by

fillings. It remains to show each bottleneck edge in column i contributes a fixed
number of additional fillings depending only on i.

As noted in the proof of Theorem 3.9, each bottleneck edge in column i has
min(i,n —i + 1, i1) possible lattice paths using that edge. Each lattice path deter-
mines which squares will be filled with 1s. Note the remaining squares will form a
possibly disconnected skew shape with n —i; + 1 columns (depicted in Figure 8),
which must then be filled with no mixed columns. There are a fixed number of
ways to fill this shape, which depends only on i», . .., if and the number of columns
in the two components. The possible number of columns in each component is
in turn determined by which column the bottleneck edge is in; see Figure 9. This
finishes the proof of the claim.

Thus we have that the coefficient of x{' . .. x;* for any shape with n = (ZI;. ij)—1
columns is (k — 1)(m — 1) +cpby + - - - + ¢y—1b,—1 for some integers cs, ..., cy—1.
Recall that every shape is equivalent to its 180-degree rotation, and note that a 180-
degree rotation reverses the bottleneck sequence b1, ..., b,. Since there are shapes
with arbitrary sequences of by, . .., b, (for example, the ribbon [b;+1, ..., b, +1]),
it follows that ¢; = ¢,—j4+1 fori = 2,...,n — 1. Recall also that the proof of
Theorem 3.9 shows each sum b; + b,,_;4 fori =2, ..., n — 1 must be the same
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b | b | | =
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1
1

Figure 9. The possible numbers of columns in the components of the
remaining shape are determined by which column the bottleneck edge
is in. In this example, since the bottleneck edge is in column 2, the
components have 1 and n —i; + 1 columns or 2 and n —i; 42 columns.

for any two shapes such that the terms in g of degree n + 1 with two variables are
the same. Since the number of rows m must be the same as well, it follows that the
sum (k—1)(m — 1) +cby + - - - + ¢,—1b,—1 must also be the same. O

Proposition 3.14. The coefficient of xlzxg in g is

n

(5)-2("3).

i=

Proof. A 1,2-RPP giving the monomial xlzxg must have no 1-pure columns, (n — 2)
2-pure columns, and two mixed columns. Hence the corresponding lattice paths
have two interior horizontal edges. Consider the heights of the interior horizontal
edges. By an interior horizontal edge at height i we mean the edge lies between
row i and row i + 1. Observe that given the height of the two interior horizontal
edges, there is at most one lattice path using the heights; since there are no 1-pure
columns, the lattice path is completely determined by the heights chosen.

There are (’;) ways to choose a pair of heights from 1, ..., m — 1 (with possible
repetition). Since each pair of heights contributes either 1 or O lattice paths, the
desired coefficient is thus ("21 ) minus the number of pairs not giving a lattice path.
These are exactly the pairs of heights where the only interior horizontal edges at
those heights lie in a single column. These are precisely the pairs of bottleneck
edges from the same column. For each column i there are (bi ;r 1) ways to choose
two of the bottlenecks in column i (with possible repetition), giving the desired

formula. g
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[

Figure 10. The heights determine the filling, since the column
containing 1s more to the left must touch the left boundary of the
shape, and the other column must touch the left boundary of the
remaining shape.

By [Reiner et al. 2007, Corollary 8.11], the number of rows m and the sum
b1+ - - -+ b, are invariant under g-equivalence. Hence we attain the following as a
direct consequence of Proposition 3.14.

Corollary 3.15. Suppose g; /. = &y /v- Then
n n
Z(bl}l/ll-)Z _ Z(bl}//v)z'
i=1 i=1
Equivalently, the sums of the areas of the equilateral triangles of 1s in the row
overlap compositions r®, ..., r"™ are the same.

Remark 3.16. One can also count various other coefficients in the dual stable
Grothendieck polynomial. For terms of degree greater than n + 1, it is useful to
define a generalization of bottleneck edges. To that end, fori =1,..., A1 —w+1,
the number of width w bottlenecks in position i is

bW =ll<j<m—1|puj=i—1, Ajp=i+w—1}]

For example, let A/u = (5,5,4,2,2,2)/(4,2,1,1,1,0). Then the number of
bottleneck edges of each width is given below. Note bV is just the previously
defined bottleneck edges.

b® 0

b® 0 0

b 0 0 0
b 0 0 1 0

A 0 3 0 0 1
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We state the following propositions with proofs omitted for brevity.

Proposition 3.17. The coefficient of x3 7 Vin g, Ju ls
n (1 n—2 ()

(-2 )2 rm-n T
i=1 i=2

- (b;%m —ui =D +bP (- D+ Z b“’bffl)
i=
Proposition 3.18. The coefficient of x3x in g/, is

(") lm-0("3) 2 ) o)
i=1
—ni((b’@;rz)+(b,-(])+b(l)1)< +1>+b(‘)b(2)bfl+)1>
i=1

4. Transposition and stable Grothendieck polynomials

Given a Young diagram A = (Aq, A2, ..., Ag), we define its transpose Young diagram
to be A’ = (A}, ..., A}), where A is the number of boxes in column i of A. This
operation extends to skew diagrams by setting (A/u)’ = A'/u'. For example,
(5,5,2)'=1(3,3,2,2,2) and ((4,3, 1)/(2))' = (4,3, 1)/ /(2)' =(3,2,2, 1)/(1, 1).

For skew shapes A and B it follows immediately from the Jacobi—Trudi identity
that s4 = s implies s4: = sp:. There is not yet a Jacobi—Trudi identity for stable
and dual stable Grothendieck polynomials, so we must use other methods.

With the goal of proving this result for stable Grothendieck polynomials, we
introduce the following definitions. We first define the symmetric function K, /s
which was first introduced by Lam and Pylyavskyy [2007], by

I’Z)L/pc = ZXT,
T

where we sum over all set-valued tableaux of shape A/u. It is easy to see that K/,
is related to G/, by K; /. = (—1)*/M Gy, (—x1, —x2, ...) and that G4 = G if
and only if K= Kp for any skew shapes A and B.

We also introduce the symmetric function J;,, [Lam and Pylyavskyy 2007]
using the following definition.

Definition 4.1. A weak set-valued tableau T of shape A /v is a filling of the boxes
of the skew shape A /v with finite, nonempty multisets of positive integers so that

(1) the largest number in each box is strictly smaller than the smallest number in
the box directly to the right of it, and
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(2) the largest number in each box is less than or equal to the smallest number in
the box directly below it.

In other words, we fill the boxes with multisets so that rows are strictly increasing

and columns are weakly increasing. For example, the filling of shape (3, 2, 1) shown

elow gives a weak set-valued tableau, T, of weight x' = x1x35x3 X x5X6X7.
below g k set-valued tableau, 7, of weight x” 3x3x3

1,2 | 3,3 | 4,6

2,2,3| 4

5,7

Let Jip=> r xT be the weight generating function of weak set-valued tableaux T
of shape A/v. From [Patrias and Pylyavskyy 2016, Theorem 5.11], we know that

X1 X2
JA/M(xl,xz,...)=(—1)|’\/“|G(A/M)t( , — >

X — X 1—x

It follows from this that G4 = G p if and only if J4 = Jp:. In addition, [Lam and
Pylyavskyy 2007, Proposition 9.22] says that

U)(Ek/u) = Ji/us
where o is the fundamental involution of symmetric functions that sends s; to s;:.
Theorem 4.2. If G 4 = G g for skew shapes A and B, then G 4 = G 1.

Proof. 1f G4 = Gpg, then K4 = Kp, and thus J4 = o(K4) = w(Kp) = Jg. It
follows that G 4: = G p:. U

It remains open to prove this for the dual stable Grothendieck polynomials.
If conjugation does preserve g-equivalence, then we immediately have another
necessary condition on g-equivalence by taking a transposed version of Theorem 3.9.

Question 4.3. Suppose g4 = gp. Does it follow that g 7 = gpr?

5. Relation between g-equivalence and G-equivalence

It is natural to ask whether g4 = gp for two skew shapes A and B implies G4 = G,
and vice versa. The following examples show that in general, neither equality implies
the other.

Example 5.1. Based on computer computation, the shapes

[ ] [ ]
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are g-equivalent but not G-equivalent. For example, the coefficients of xx$x3x,

in G are —353 and —354, respectively.
Example 5.2. The shapes

[ ] [ ]

l l

are G-equivalent but not g-equivalent. One can show G-equivalence through
computer computation using the reverse lattice word expansion of G, /,, into stable
Grothendieck polynomials indexed by straight shapes found in [Buch 2002]. To
see the shapes are not g-equivalent, we notice that b4 4+ bs = 1 for the shape on the
left and b4 4 bs = O for the shape on the right.

6. Future explorations

Coincidences of ribbon stable Grothendieck polynomials. The combinatorics of
ribbon stable Grothendieck polynomials seem to be more difficult than their dual
stable Grothendieck and Schur counterparts. However, we still conjecture that
coincidences among ribbon Grothendieck polynomials arise in precisely the same
way as the dual case. While one direction of the following statement is immediate,
the other direction has proven to be much more difficult.

Conjecture 6.1. Let o and B be ribbons. Then G, = Gg if and only if B =« or
B =a*

Ribbon staircases. A class of nontrivial skew equivalences is described in [Reiner
et al. 2007, Theorem 7.30]. A nesting is a word consisting of the symbols left
parenthesis “(”, right parenthesis “)”, dot “.”, and vertical slash “|”, where the
parentheses must be properly matched. Given a skew shape that may be decomposed
into a ribbon « in a certain manner as described in [Reiner et al. 2007], one may
obtain a corresponding nesting. Theorem 7.30 in the previous work states that
shapes that may be decomposed with the same ribbon « such that the nestings are
reverses of each other are Schur equivalent.

It is interesting to consider whether these equivalences hold for g and G as well.
For example, [Reiner et al. 2007, Corollary 7.32] states that ss,/,, = 55,/ for any
diagram p contained in the staircase partition §, = (n—1, n—2, ..., 1). Computation
strongly suggests the same holds true for the Grothendieck polynomials as well.

Conjecture 6.2. Let 1 be a diagram contained in the staircase partition §, =
(l’l - 1, n— 2, ey 1) Then gsn//l = g((gn/'u)T and G&,/M = G(an/M)T'

However, not all equivalences described by [Reiner et al. 2007, Theorem 7.30]
hold for Grothendieck polynomials.



COINCIDENCES AMONG SKEW AND DUAL STABLE GROTHENDIECK POLYNOMIALS 167

Question 6.3. For which ribbons « and nestings N are the corresponding shapes
g-equivalent or G-equivalent?
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