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Abstract

Using integrable colored vertex models to study LLT polynomials, super ribbon
functions, and domino tilings of the Aztec diamond

by
Andrew Gitlin
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Sylvie Corteel, Chair

The study of integrable systems - also known as vertex models, ice models, or mul-
tiline queues - is a classical subject, see e.g. [4, 48]. Recently they have enjoyed
an advent into the world of (non)symmetric polynomials [12, 53, 9], and have been
generalized to colored vertex models [8, 13, 14, 16, 21, 27] and polyqueue tableaux
[21, 3]. In this thesis, we study three topics in algebraic combinatorics - LLT poly-
nomials, super ribbon functions, and domino tilings of the Aztec diamond - using
several Yang-Baxter integrable colored vertex models.

Employing the “white” vertices, we construct a certain class of partition functions
that we show are equal to the LLT polynomials of Lascoux, Leclerc, and Thibon [39].
We then give alternate proofs of many properties of these polynomials, including
symmetry and a Cauchy identity, using the vertex model formalism.

Employing the “white” and “purple” vertices, we construct a certain class of partition
functions that we show are essentially equal to the super ribbon functions of Lam
[38]. This construction generalizes our construction of partition functions equal to
the LLT polynomials which employ just the “white” vertices. We then give proofs of
many properties of these polynomials, namely a Cauchy identity and generalizations
of known identities for supersymmetric Schur polynomials, using the vertex model
formalism.

Finally, we study k-tilings (k-tuples of domino tilings) of the Aztec diamond. We
describe two models - one based on the “purple” and “gray” vertices and one based
on the “white” and “pink” vertices - for assigning a weight to each k-tiling, depending



on the number of dominos of certain types and the number of “interactions” between
the tilings. We compute the generating polynomials of the k-tilings in both models,
as well as the arctic curves of the k-tilings in certain limits of the interaction strength.
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Chapter 1

Introduction

1.1 Partitions

A partition with p parts is a weakly decreasing sequence A = (A\; = -+ 2 A, 2 0)
of p non-negative integers. Here we consider our partitions to have a fixed number of
parts but allow for the possibility of parts equalling zero; later we will also consider
partitions with an infinite number of parts, only finitely many of which are non-zero.
We let the length £(\) of A be the number of non-zero parts of A, and we let the size
|A| be the sum A; + ...+ A, of its parts. We define the empty partition @ to be the
partition with 0 parts, and we define the staircase partition

pp:= (p_lv"'7170)7

which has the property that A + p, has distinct parts for any partition A with p
non-negative parts. We associate to A its Young (or Ferrers) diagram D(\) € Z X Z,
given as

D) ={(5,7) | 1<i<t(N), 1<j=< N}

We refer to the elements of D()) as cells. We draw our diagrams in French notation
in the first quadrant, so that the first row is on the bottom and the first column is
on the left, such as below.

A=(4,2,1), D)=

The cell labelled above has coordinates (1,3). The conjugate A of the partition X is
the partition whose diagram is the set of lattice squares (7, j) such that 0 < j < \,.
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We say two partitions A and p interlace (and we write A = p) if
)\12/,612)\22/,622

We say two partitions A and p co-interlace (and we write A >' w) if A = u'. We say
Alp is a horizontal (vertical) strip if A and u interlace (co-interlace).

The content of a cell v = (4,7) in row ¢ and column j of any Young diagram is
c(u) = j —i. Notice that the ¢ content line y = z — ¢ goes through the center of
each cell with content ¢. The Maya diagram of X is a doubly infinite sequence

of symbols in the alphabet {o = 0,8 = 1}, starting with infinitely many e’s and
ending with infinitely many o’s, where

Qi

(SIS

_ | e if X\; —j =1 for some j
~ | o otherwise

The Maya diagram of A can be found by following the NE border of the Young
diagram of A from NW to SE, where each E step corresponds to a o and each S step
corresponds to a e, and moreover the steps corresponding to (o1 and Qesd lie on
the left and right 81de of the ¢ content line, respectively. It is easy *to sce that the 0
content line is the unique content line such that the number of o’s to its left equals
the number of ’s to its right.

Example 1.1.1. The Maya diagram of (4,3,2,2,1) is...e® oeceecece oo....

Y,

?
't

In red, we have indicated the 0 content line; there are two o’s to its left and two s
to its right.

If X\ and p are partitions such that D(\) 2 D(u), then the skew shape \/u is
the set of cells in D(A) not in D(u). We draw D(A\/ i) by coloring the cells in D (1)
gray, such as below.

A= (472a ]-)a” = (2a 1)7 D()‘/:u) =




CHAPTER 1. INTRODUCTION 3

The size of \/p is [N | = |A\| — |]. A semistandard Young tableau of shape
A/ p is a filling of each cell of D(\/p) with a positive integer such that the rows are
weakly increasing and the columns are strictly increasing. We call the set of all such
fillings SSYT(A\/p).

We can extend many of these definitions to k-tuples of (skew) partitions. Given
a k-tuple of partitions A = ()\(1), )\(2), . )\(k)), we define its conjugate to be A' =
OE AEDT WY and s size to be [A] = AP+ ...+ [AP]. We define 0
to be the k-tuple (@k) of empty partitions. Given a k-tuple of skew partitions
Ap = (A(l)/u(l), e )\(k)/,u(k)), we define a semistandard Young tableau of shape
A/p to be a semistandard Young tableau on each )\(j)/,u(j), that is,

SSYT(A/p) = SSYTOA™M /1My x - x SSYT(A® /).

We can picture this as placing the Young diagrams diagonally “on content lines”
with the first shape in the South-West direction and the last shape in the North-
Bast direction.

Example 1.1.2. Let A/p = ((3,1),(2,2,2)/(1,1,1),(1),(2,1)/(2)). The top row
labels the contents of each line.

-3-2-10 1 2

We also extend the definition of interlacing to k-tuples of partitions; we write A = p
if A > ,u(l) for all i € [k]. Similarly we extend the definitions of co-interlacing and
horizontal /vertical strips to k-tuples of partitions. We define the Maya diagram of a
k-tuple of partitions A to be the k-tuple (a(1)7 e ,a(k)) where

(1) @ @) @) @)

_ (4) (i)
a =l..-,0_5,0 §7a_l7al7a’§7a§7"'
2 2 2 2 2 2

is the Maya diagram of 2D for all i € [k]. Finally, we define P;k) to be the set of
k-tuples of partitions, each having p parts.
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1.2 Vertex models

The vertex models we will use were originally studied in [22, 28, 20], although
they can be realized as degenerations of vertex models introduced in [1] (see Lemma
1.4.1). We begin with some notation. For a vector I = (I;,...,1I},) € ]Rk, we define

k
HEDY?
m=1
For vectors I = (Iy,...,1;,),J = (Jy,...,J;) € R*, we define

o(I,J)= > LJ,

1<i<j<k
For variables x and ¢ and an integer n = 0, we define the t-Pochhammer symbol

n—1

(z:t), = [ [(1 —2t™).

m=0

We will also use the notation z = # (when k is clear from context).

We will define our vertices both algebraically and graphically. There are two
types of vertices: the L, L', M, and M' matrices are “box vertices” and the R, R,
and R" matrices are “cross vertices.” Algebraically, a square vertex is a family of
functions ({0,1}*)" - C[x,¢], one for each integer k = 0, whereas a cross vertices
is a family of functions ({0,1}")* - C(x,y,t), one for each integer k = 0. In other
words, a vertex associates a weight (either a polynomial in z,¢ for a box vertex or
a rational function in z,y,t for a cross vertex) to every 4-tuple of vectors in {0, 1}k
for each integer k£ = 0.

While the algebraic definitions give explicit formulae for the weights of the ver-
tices, it is often more useful to think of a vertex graphically. We can draw a vertex
as a face with four incident edges, each labelled by an element of {0,1}". A face

takes one of two forms:
K J
7 1 (a box) or X (a cross).
I L

The edge labels describe colored paths moving through the face SW-to-NE (in a box)

or left-to-right (in a cross). If an edge has the label I = (I,...,1;) € {0, 1}k7 then
for each i € [k], a path of color 7 is incident at the edge if and only if I; = 1. For
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H Vertex ‘ Algebraic definition H

k
L L0, K L) = 11 yxcr l_[ 1reg22° g Hyeth )

i=i

, k

L LI K L) = 11 yocar 1_[ 1,50, A

i=1
M M1, 7, K, L) = PP, K, 1)
M M1, J, K, L) ="1")(1,J, K, L)

5
k - o(J K~
R RLE///)I7(I7 J K, L)=15-k:1 1_[ 1)k, * (—1)”‘ ‘Kl(y/l’)m(iﬂ/y%t)|J|—\K|t¢(J'K 7
i=i
3
"(k - .
R Ry(/z)(I,l K,L)=1p -1 ﬂ 1 4g42 (T/Z/)‘L‘(—'T/Z/%t)|11q+\L|tv(L L)
i=1
k
n }C G s —_
R" Rz(/y)(‘[*, J, K, L) =175-K+L 1_[ 11(12,], : (I/y)lLl(I/%t)\K|—|J|t¢(LK 7)
i=1

Table 1.1: Algebraic definitions of the vertex weights

example, with k£ = 2 (letting blue be color 1 and red be color 2), the path configuration
associated to the edge labels I = (0,1),J = (1,0), K =(0,1),L = (1,0) is

(for a box) or >< (for a cross).

The factor of 17, j_ .1 that appears in the algebraic definition of each vertex imposes
a path conservation restriction: in order for a vertex to have a non-zero weight,
the paths entering the vertex and the paths exiting the vertex must be the same.

To define the vertex weights graphically, we first define the weights in the case
k = 1in Table 1.2; the k-color weights are then defined in terms of the 1-color weights
in Table 1.3.

For the white L and gray M weights, the equivalence of the algebraic and graphical
definitions is shown in Appendix B. The equivalence for the other vertices can be
shown similarly.

The box vertices will primarily be used to construct various lattices and their
associated partition functions. A lattice is a rectangular grid of vertices, with the
variables and the labels on the outer edges specified, but with the labels on the
internal edges unspecified. A lattice configuration is a lattice with the labels on
the internal edges specified, such that the weight of each vertex is non-zero. The
weight of a lattice configuration is the product of the weights of the vertices.




CHAPTER 1. INTRODUCTION

[ Vertex |

One-color definition

L OEBIE

LOG kD 1

x x 1 1

A o118l
i

L kD 1

1 T 1 T

- IHEHE
i

MO, g, k,1):

x 1 1 x T

M, J :C_l 1t J |_
i

MO, Gk, 1):

T

n| X ><><><><X

R(l)

(g kD) T—ylz ylz
z g
| X RX >< >< X
(1) 1 ylz ylx
y/T(Z Ji b, ): 1+y/z 1+y/z 1+y/z 1+y/z

x ]
e M lllll

R,‘/L’(z kD) 1-zfy

1 z/y

Table 1.2: Graphical definitions of the vertex weights for k =1
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H Vertex ‘ k-color definition H
L L(k)(I J,K L) = l—[ L (I, Ji, Ky, L;) where §; = # colors greater than ¢ that are present
L L, k)(I J,K L) = ]_L L L I J;, K;, L;) where 8; = # colors greater than i of the form .

a; = # colors greater than ¢ that don’t exit right

%
y %) Bi g L) w
M M, (1,J, K, L) l_[T "M poi-p Iy Ji, K, L) where B; = # colors greater than i that exit top

i=

M Z\I(k)(I J,K, L) 1_[ " ]\[“1)% I;, J;, K;, L;) where v; = # colors greater than ¢ of the form D]

R 51;1(1 J,K L) = 1_[ y/(T,s,) (I;, J;, Ky, L;) where €; = # colors greater than i of the form ><
T

R Ry/Z(I J,K L) l_[ R (I J;, K;, L;) where €; = # colors greater than i that are present
=

R" r/u (I J, K, L) 1_[ . ([“ J;, K;, L;) where €; = # colors greater than ¢ of the form ><

Table 1.3: Graphical definitions of the vertex weights for general k

Example 1.2.1. Consider the following lattice of white vertices with k = 3.

D
[uin
D
D
D

ﬁ
1)
&

e
P
D
D
D
D

Then the weight of one possible lattice configuration is

0161010 2,2 2,2

ENES xat” - a5t 32 238
poreter = 2,8 T Tilalsl
PEE P It -1

b

(Here blue is color 1, red is color 2, and green is color 3.)

Given a lattice L, the associated partition function is

Z weight(C')

CeLC(L)

where LC(L) is the set of valid lattice configurations on L. Often, when it is clear
from context, we will abuse notation and let the drawing of the lattice be equal to
the partition function of the vertex model on the lattice.
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1.3 The vertex models and (co-)interlacing
partitions

In the case k = 1, there is a very natural interpretation of single rows of our box
vertices in terms of (co-)interlacing partitions. Given two partitions A and p such
that A; + £(\) < n and pu; + () < n, we can draw rows of n vertices with border
conditions as follows.

ST e S =

Here a partition on the boundary of the array means that the border condition is
given by the corresponding Maya diagram, and we mark the position of the 0 content
line with an x. For example, with A = (3,2,2) and u = (2,2,0), we get the following
configurations.

PSPV, S

!

I D M

m \

It is easy to see that each row has no valid configurations unless g < A, in which case

it has one valid configuration with weight M Thus the weight of each row is

LAl g D)
0 otherwise
It is easy to generalize this interpretation of rows of vertices to general values of k

in the case t = 1. Given two k-tuples of partitions g and A such that )\gi) +£(/\(i)) <n
for all 7 € [k], we can draw rows of n vertices with border conditions as follows.

ST e S

Here a k-tuple of partitions on the boundary of the array means that, for all 7 € [k],
the i-th component of the border condition is given by the Maya diagram correspond-

ing to the i-th partition. It is easy to see that each row has no valid configurations
[A]=pel

unless p = A, in which case it has one valid configuration with weight x when

t = 1. Thus the weight of each row is
x|>\|_|ﬂ| 1fl'l’ <\
0 otherwise

when ¢t = 1.
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1.4 Yang-Baxter integrability

One of the main technical tools we will need in the following chapters is the
Yang-Baxter integrability of our vertex models (Propositions 1.4.6-1.4.9). The Yang-
Baxter equation (YBE), which was first introduced in statistical mechanics as a
bridge to quantum mechanics, can be thought of as a sort of commutation relation
between the vertices. The Yang-Baxter integrability of our vertex models will follow

from work done in [1]. Each of our vertex weights can be realized as a degeneration
of the vertex weights W,(A,B; C,D|r, s) from [1, Definition 5.1.1].

Lemma 1.4.1 ([28, Lemma 3.1]). We adopt the notation of [1], except we use t in
place of q. In particular, we let W,(A,B;C,D|r,s) be the vertex weights from [1,
Definition 5.1.1] with t in place of q. Then

C

B[« |p = lm(=a)lim 57W,o(A, B: C.D|(x/)". 9),

A

C

L -d . ' ~1/2 1/2

B.D _ﬁl}i%y E%WI(A7B707D|Sy 7SY )7

A
B c _ . ) 1/2 1/2
yA><D _Ei%wx/y(AaBacaDKx/a) ,(y/Oé) )7

PNCE = m W (A B CDI(r/a) " (<yf) ),

YA D

"B><C = lim W, (A, B; C,D|Sz"""?, 5y,

YA D

Proof. This follows from various corollaries in [1, Section 8.3] along with the algebraic
definitions of the L (white box), L' (purple box), R (white cross), R (vellow cross),
and R" (orange cross) matrices.

For the L matrix, this follows from [1, Cor. 8.3.6].

For the L' matrix, this follows from [1, Cor. 8.3.4].

For the R matrix, this follows from [1, Cor. 8.3.1] (substituting s = (y/oz)l/Q).

For the R' matrix, this follows from [1, Cor. 8.3.8] (substituting s = (—y/a)_1/2).

For the R" matrix, this follows from [1, Cor. 8.3.3].
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]

Although the M and M " matrices are not mentioned in the previous lemma, they
too can be realized as degenerations of the W, weights; their algebraic definitions are

MP(1 g K. L) =11 7 K L),
M*(1.J K L) =2"L%(1,J K, L)
and the L and L' matrices can be realized as degenerations of the W, weights by the

lemma.
As shown in [1], the W, weights satisfy the Yang-Baxter equation.

Theorem 1.4.2 ([1, Prop. 5.1.4]). The W, weights satisfy the YBE

Z WX/’Y(I17J1;I27J2IT”S)Wx/z(KbJ2;K27J3|T7T)W’V/Z(K2a12;K3vI3|Sa7—)
I5,J2,K>

Z W’y/z(KlaIl;K27IQ|57T)Wx/z(K27J1;K37J2|T7T)Wx/'y(I27J2;I37J3|T75)

I,J2,K2 ( )
1.1

for all x,~v,z,r,s,7 € C and choice of boundary condition I,,J,, K, I;,J3, K5 €
{0, 1}k. Using the conventions of [1], we can draw this diagrammatically as

K,
I, L»I; (;r) sz I
> w K ¥
*—»Jf v;8) I A
I, Jg K, Js 3 I, J2 K, (7;8) 1*7 I, 3
K,

(z T) (%7)
where solid arrows are fized and dashed arrows are summed over.

Remark 1.4.3. Let us say a quick word about where Theorem 1.4.2 comes from.
Bazhanov and Shadrikov [5] constructed the fundamental R-matriz for the quantum
affine superalgebra Uq(a(m|n)), and showed that it satisfied the Yang-Baxter equa-
tion. (Although this was not the method used in [5, Section 3], the fact that this
matrix satisfies the Yang-Baxter equation can be verified via a direct computation
using the explicit formulae for its entries.) Aggarwal, Borodin, and Wheeler [1] con-
structed the W, weights by applying the fusion procedure originating in [37] to the
fundamental R-matriz, specializing to m = 1, and applying analytic continuation.
The Yang-Baxter equation for the W, weights falls out from the Yang-Bazter equa-
tion for the fundamental R-matriz.
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As a consequence of Lemma 1.4.1 and Theorem 1.4.2, our vertices satisfy several
YBESs, which we list below. We will derive Prop. 1.4.4, 1.4.6, and 1.4.7; the others
can be derived via a suitable change of variables (to go from white to gray or from
purple to pink). Prop. 1.4.4 is proven in a different (combinatorial) way in [22,
Theorem 4.1].

Proposition 1.4.4 ([28, Prop. 3.2]). The L and R matrices satisfy the YBE

K K,
oA ra
. . 1, x| J, . . Iy J.
interior paths ' . ’ interior paths ' . ’
K, K,

for any choice of boundary condition I,,J,, K, Is,J3, K.
Proposition 1.4.5 ([22, Prop. 6.2]). The L, M, and R matrices satisfy the YBE

K;

K
S owl Ll |- Y ]
I, J3 11 J3

K,

interior paths interior paths
K,

for any choice of boundary condition I,,J,, K, I3, Js, K.
Proposition 1.4.6 ([28, Prop. 3.3]). The L, L', and R' matrices satisfy the YBE

K;
S o |- Y ] e
LN s |5 L Js

K, K,

interior paths interior paths

for any choice of boundary condition I, J,, K, I, J3, Kj.
Proposition 1.4.7 ([28, Prop. 3.4]). The L' and R" matrices satisfy the YBE

K; K,
vl ><I ik ‘. I>< .
. ¢ I J. . ¢ I J.
interior paths ! ’ interior paths ! ’
K, K,

for any choice of boundary condition I,,J, K, Is,J3, K.
Proposition 1.4.8 ([20, Prop. 3.1]). The L', M, and R' matrices satisfy the YBE

K K;

I AP =
) 4 I : ) 4 I g
interior paths ! I interior paths ! I

K, K,

for any choice of boundary condition I,,J,, K, I3, Js, K.
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Proposition 1.4.9 ([20, Prop. 3.2]). The L, M', and R matrices satisfy the YBE

K; K;
Y w| il |- Y w
. . I x| J; . . I 7] J;
interior paths ! . : interior paths 1 :
K, K,

for any choice of boundary condition I,,J,, K, Is,Js, K.

Proof of Proposition 1.4.4. Fix x,y,a, 3 € C. Substituting x = z/a, v = y/a, z = 1,
r= (x/oz)l/z, 5= (y/oz)l/z, and 7 = 8 into (1.1) gives

S WL Ju I, Dol (/)2 (5] 0) YW o (K o Ko, T3] (2 0) 2 B)W, 0 (K, I K, I | (y/0) 2, )
I,J5,K>

= Y WyalKy I Ko, B|(y)0)', 8YWapa (Ko, Jys K, Jol (1] 0)' 1, BYW,y (I, I T, T3] (2/ )2, (y/0)'%).

I,J3, K>

Multiplying both sides by (—a)lI‘"’Hng'ﬁ_z(lI‘"’HleD gives
> W (I Ju I, Jo| (/) 2, (y] ) ?)

I5,J5,K5
(=) (K, T K, TS| (2] ), 8)
(=) Bl (K, L K, T (y]a) ', 8)
= > (=)W (K T Ko, I (y] ) )

I5,J5,Ko
(=) g (K, I K, | (2] ), 8)
Wy (I, Jo; I, T3 (/) (y)a) %)

where we use |Iy| + |Jy| = |I3] + |J3] by path conservation on the right-hand side.
Taking o — 0 and 8 — 0 and then applying Lemma 1.4.1 gives the desired YBE

> Ryo(L, Ju I, J) Lo (K, Jy; Ky, J3) Ly (Ko, I K, ;)
I,J2,K2

= Z Ly(Kb I; K, Iz)Lx(Kz, Ji; K, J2)Ry/x(127 Jy; I3, J3)-

127J27K2

[]

Proof of Proposition 1.4.6. Fix S)Y,z,y € C and let a = ~5 and b = Sy 2,
Substituting y =z, vy =a, 2 =, r = (x/a)1/2, s = Sy_1/2, and 7 = SY'/? into (1.1)
gives

> WagalTy, Jo I, Tl (w0) 2, Sy™ YW o (K, Ty K, Tl (2]0)' 1, SY T2 YWA (K, Ty K, I Sy 7%, 51%)
I5,J3,K>
= ) WKy L Ko LISy SY YW 0 (Ko, 0 Ky, Dol (]0) 2 SY YW, oL, J: B, Tyl (@), Sy7%).
1,05, K,
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Multiplying both sides by (—a)/?*/(5y1/2)72aly =1l giveg
> Wapaldn, Iy I, Jol(x] ), Sy™1%)
IZ7J23K2
(=)l sy Y (K, T K, Tl (2] a)' P sy )
YW (K, Iy K, ISy sy

= Y YRW(K, LK, LISy syt
I5,J5,K5

(=) sy YR (K, 0y K, Ty (e @) Sy
(=) GBIy n, gy I, T (2] a) P, Sy )

where we use |I,| + |J5| = |I3]| + |J3| by path conservation on the right-hand side.
Substituting a = —5% and 3 = Sy gives

> W@y Ju I, Jol (o), (—y[a) ™)
I5,J5,K5
(=) Bl gl (K T K, Tl ()2, )
Y W (K, I K, | Sy sy
= Z Y_|I2|W1(K1,I1;KQ,I2|Sy_1/2,SY1/2)

Iy,J5,Ko
(=) P BTRW (K, Iy K, Ty (), )
Wagal Ly Ty Ty, Tl (] ) 7, (=y ) ™7%).

Taking S — 0 and Y — 0 (hence also o = ~S$> > 0and 8 = SyH? 5 0) and then
applying Lemma 1.4.1 gives the desired YBE

> Ry (I s I, Jy) Lo (K, Ty Koy, J3) Ly (K, Iy Ky, 1)

I,J2,K>

= Z L;(Kl’ I; K,, Iz)Lx(Kz, Ji; K, JZ)R;/x(I% Jy; I, J3)-

I,J3,K5
]

Proof of Proposition 1.4.7. Fix S)Y,z,y € C and let a = —-5% and B = Sy 2,
Substituting x = 1,v=1,z=1,r = Sx_l/Q, s = Sy_l/Q, and 7 = SY " into (1.1)
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gives

> WAL i B Jo| ST sy YW (K, T K, Ty ST SY W (K, I K, TSy, sy
I,J5,K>
= ) WK, L; K, L|Sy

I>,J2,K>

-1/2 1/2

[I3]=|J3]

Multiplying both sides by Y gives

> W Ji I, Iy Sa 7 sy
I5,J5,Ko
YW (K, Ty Ky, Js| SR Sy T
Y B (K, I K, LSy sy
= Y YTRW(K L K LISy sy

I,J5,Ko
YW (K, 0y K, T ST sy )
Wy (I, I I, J5| Sz~ Sy~ %)

L SY YW (K, 01 Ky, Tl S22 SY YW (1, Iy Iy, Jy| 5072 5y71 ).

14

where we use |Iy| + |Jy| = |I3] + |J3] by path conservation on the right-hand side.

Taking S — 0 and Y — 0 and then applying Lemma 1.4.1 gives the desired YBE

Z Rg;/y(Ih Ji; I, J2)L;:(K17 Jy; Ko, J3)L;(K2; I,; K, Is)

I5,J5,K>
= ) LKy L Ky, B)L(Ky, Ji; Ky, Jo) Ry (I, Jos I, J).
I>,J2,K>
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Chapter 2

LLT polynomials

2.1 Introduction

LLT polynomials are a family of symmetric polynomials, which can be seen as a t-
deformation of products of skew Schur functions. They were originally introduced by
Lascoux, Leclerc and Thibon (for whom the polynomials are eponymously named) in
[39] to study certain plethysm coefficients, and they were defined via a relationship
with the Fock space representation of a quantum affine Lie algebra. The original
definition expresses the LLT polynomials as a sum over k-ribbon tableaux, weighted
with a spin statistic which arises naturally in this representation [39, 32]. Bylund and
Haiman discovered an alternative way to model LLT polynomials, instead indexed by
k-tuples of skew Young diagrams, weighted with an inversion statistic, as described
in [30]. While not apparent from either definition, LLT polynomials possess many
astonishing properties:

I. they are symmetric in the variables X,, = {z,...,x,} [39];

II. when their indexing tuple of partitions is a tuple of single rows, they are equal
to the modified Hall-Littlewood polynomials H,(X,;t) [39];

III. they satisfy a Cauchy-like identity [38];

IV. they are Schur-positive, i.e. they expand as a N[¢]-linear combination of Schur
polynomials [40, 29].

Using the vertex models defined in Chapter 1, we prove several new results on
LLT polynomials and give new (combinatorial) proofs of several of the known listed
properties above. The main result can be summarized as follows.
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Theorem 2.1.1 (Thm. 2.3.3). Let B/~ be a tuple of skew partitions. There is an
integrable vertex model whose partition function Zg,(X,;t) is precisely the coinver-
sion LLT polynomial L (Xp;t). Explicitly, Zg/4(X,;t) is the partition function
associated to the lattice

B

~

Here we present a new formulation of LLT polynomials, which we call a coinversion
LLT polynomial. They serve as a generating function for k-tuples of semistandard
Young tableaux, weighted with a coinversion statistic. The definition is easily seen
to be equivalent to the inversion definition after inverting ¢ and multiplying by a
suitable power of ¢. This new formulation was detailed to the fourth author in
personal correspondence with M. Haiman, and can be reviewed in the first of a
recent series of publications [7].

We take the time now to expound on the details of properties I.-IV. and outline

the organization of this chapter.
I. Symmetry. The definition of LLT polynomials as spin-generating functions arises
naturally in the study of the representation theory of the Fock space for U, (sl,). In
particular, there are natural vertex operators on this space whose action on basis
elements is captured by the LLT polynomials. The symmetry of the LLT polyno-
mials follows from the commutativity of these vertex operators. Later, a purely
combinatorial proof was given using the inversion variant of LLT polynomials [31].

As innocuous as it is, the symmetry of the LLT polynomials has had several
important uses in combinatorics. In [30], the authors conjectured a combinatorial
formula for the Frobenius character of the ring of diagonal coinvariants (known later
as the shuffle conjecture). This Frobenius character is inherently symmetric, owing to
a natural S,-module structure for the diagonal coinvariant ring. The combinatorial
formula was shown to expand into LLT polynomials, thus witnessing their symme-
try. A similar argument was used later in [31] to show that a proposed monomial
expansion for Macdonald polynomials was indeed symmetric.

We use the integrability of our vertex model to provide another proof that LLT
polynomials are symmetric. Our proof is combinatorial, modulo the underlying rep-
resentation theory governing the Yang-Baxter equation.

IT. Single Rows. From the definition of coinversion LLT polynomials (Definition
2.2.4 below), one can easily see that at ¢t = 1, the definition devolves into a product
of Schur functions

Lg1(X:1) = 55001, (X)+550 1,00 (X).
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Hence, the LLT polynomial £,,(X;t) indexed by the tuple of partitions p = (u(l), o u(k))

gives a t-analog 02(1) u““)(t) of the classical Littlewood-Richardson coefficients.

When each partition /L(j ) has only one part y;, Cﬁl,--.7uk(t) coincides (up to a power
of t) with the Kostka-Foulkes polynomial K ,(¢). The Kostka-Foulkes polynomials
have seemingly endless appearances in representation theory and combinatorics; in
particular, they are the coefficients of a Schur function on the basis of transformed
Hall-Littlewood polynomials H,(X;t). Hence, the identity

L (X;t) = t"H, (X;t) (2.1)

holds, for some integer d. The original proof of (2.1) relies on the geometry of an
underlying flag variety. We apply our vertex model to provide an alternate (combi-
natorial) proof.

ITI. Cauchy identity. A Cauchy identity was given in [38] for the original spin-
generating LLT polynomials. We prove the following Cauchy identity for coinversion
LLT polynomials

ZﬁA(Xn,t)ﬁxot(Yn,t) = ﬁ ]_[ zayt™) " (2.2)

2,j=1 m=0

where A™" denotes the tuple of partitions gotten by rotating each partition 180
degrees and then reversing the order. As remarked in [38], the reader is warned that
(2.2) does not imply that the LLT polynomials form an orthogonal basis under some
inner product, as they are not linearly independent.

IV. Schur positivity. It was shown in [40] that when the LLT polynomials are
indexed by tuples of partitions, then their coefficients in the Schur basis are certain
affine Kazhdan-Lusztig polynomials. As it is known that these Kazhdan-Lusztig
polynomials have non-negative coefficients, the result implies that LLT polynomials
are Schur-positive. This argument was extended in [29] to arbitrary skew partitions,
and moreover generalized to any complex reductive Lie group. Unfortunately, it
is not clear how the vertex model formalism can be used to tackle the notion of
positivity.

This chapter is organized as follows. In Section 2.2, we define the coinversion
LLT polynomials and review the necessary combinatorial preliminaries. In Section
2.3, we use the white vertices defined in Chapter 1 to define a partition function,
which we show equals the coinversion LLT polynomial. In Section 2.5 we show that
LLT polynomials coincide with Hall-Littlewood polynomials, and in Section 2.6 we
show that they satisfy the above Cauchy identity. Finally, in Section 2.7, we provide
some examples of using Theorem 2.3.3 to compute coinversion LLT polynomials.



CHAPTER 2. LLT POLYNOMIALS 18

2.2 LLT polynomials

Let T = (T(l), e ,T(k)) be a semistandard Young tableau on a tuple of skew

partitions B/~ = (5(1)/7(1), e ,B(k)/y(k)). We choose the reading order on cells by
reading from the smallest to the largest content line, moving along a each content
line from SW to NE. We say two cells attack each other if either (1) they are on
the same content line or (2) they are on adjacent content lines, with the cell on the
larger content line in an earlier shape. We define an attacking inversion of 7' to
be a pair of attacking cells with different entries in which the larger entry precedes
the smaller in reading order.

Definition 2.2.1. Let B/~ be a tuple of skew partitions. The inversion LLT poly-
nomaual is the generating function

inv(T) T
Gor(Xit) = Y ™
TeSSYT(B/~)
where inv(T) is the number of attacking inversions of T.

Remark 2.2.2. Definition 2.2.1 was first given in [30], but it is not evidently related

to the original spin-generating functions Gg’jL(X; q) defined in [39]. The connection
materializes via the Littlewood k-quotient map (Definition 3.2.5), which is a weight-
preserving bijection between semistandard ribbon tableaux and tuples of semistandard
Young tableauzx on the quotient shape. It was shown in [30] that there is some constant
e depending only on the shape B3/~ such that

k e —
GU(X3t) = 1°Ga (X:70). (2.3)
where B[~ is the k-quotient of X[ .

As is the case for Macdonald polynomials, the number of attacking inversions can
be reformulated as the number of inversion triples, which we now define. Given a
tuple B/~ of skew partitions, we say that three cells u,v,w € Z X Z form a triple

of B/~ if
1. ve X u;

2. they are situated as below
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namely with v and w on the same content line and w in a later shape, and u
on a content line one smaller, in the same row as w; and

3. if uw and w are in row r of )\(j)/u(j), then v and w must be between the cells
(r, 1Y and (r, AY + 1), inclusive.
It is important to note that while v must be a cell in 3/~, we allow the cells u and
w to not be in any of the skew shapes, in which case v must be at the end of some
row in v and w must be the cell directly to the right of the end of some row in 3.

Definition 2.2.3. Let 3/~ be a tuple of skew partitions and let T € SSYT(3/~).
Let a,b,c be the entries in the cells of a triple (u,v,w), where we set a = 0 and
c = 00 if the respective cell is not in B/~. We say the triple of entries

a|c

b

1s a cotnversion triple if a < b < ¢ and an tnversion triple if b < a < ¢ or
a<c<b.

There are 7 coinversion triples in Example 1.1.2 above: (0, 2, 4), (0, 2, 7),
(3,4,00), (0,4,7), (4,5,00), (1,9,00), and (0,9,00). However, we note that Definition
2.2.3, and that of a triple, depends not merely on the tuple of skew partitions 3/,
but on the individual tuples of partitions 3, «v. Indeed, if in Example 1.1.2, we made
the superficial change in the third skew shape from (1)/(0) to (2,2)/(2,1), then we
would introduce another coinversion triple (0,9, 00). Likewise, if we consider the
third skew shape being instead (1,0)/(0,0), then we introduce the coinversion triples
(0,8,00) and (0,6, 00). It’s easily seen that any extra coinversion triples present are
independent of the filling 7.

Definition 2.2.4. Let B/~ be a tuple of skew partitions. The coinversion LLT
polynomial is the generating function
coinv(T) T
Lg4(X;t) = Z t T
TeSSYT(B/~)

where coinv(T') is the number of coinversion triples of T
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In light of the preceding remarks, we note that if 3/ and 8" /4" are two represen-
tations of the same skew shapes, then their coinversion LLT polynomials differ by
an overall power of ¢.

Note that in a semistandard filling 7" on some tuple of skew partitions, a pair of
attacking entries forms an inversion if and only if they are in a (unique) inversion
triple. Indeed, if b < a < ¢, then (a,b) is an attacking inversion, and likewise if
a < ¢ < b, then (b, ¢) is an attacking inversion. Hence, we have the identity

L, (X;t) = 1" Ggy(X;t7) (2.5)

where m is the number of triples in 3/~. We give explicit formulae for m in Section
2.5.

Remark 2.2.5. A simplified version of Definition 2.2.4, in which each shape in (3]~
consists of a single row, can be found in [7]. There, the coinversion LLT polynomials
are first defined, via the action of a Hecke algebra, as a polynomial truncation of a
certain formal power series. It is then shown that this algebraic definition results in
the combinatorial definition above.

The formal power series in question consists of terms that are GL,, characters.
This is the reason why our polynomials depend on the individual tuples of partitions
B, ~v. Indeed, the reader is welcome to view B and ~ not as partitions, but really as
dominant weights of GL,,, i.e. non-increasing lists of integers. In fact, this “LLT
series” can be defined for any complex reductive Lie group (see [29]).

2.3 Vertex model

In this section we use the white L vertices defined in Chapter 1 to construct
a partition function which we show equals the coinversion LLT polynomial defined
above (with the appropriate choice of boundary conditions).

Recall the algebraic definition of the L matrix

|L| o(L,I+J)

k
k
LI K L) = 1pgger | [Lnesse - o™t

i=1

Graphically, the constraint I +J = K + L is a conservation property, meaning that
the paths entering and the paths exiting must be the same. The constraint that
there be no indices i € [k] such that I; + J; = 2 means that there can be at most
one path of any given color. If these two constraints are satisfied, then the weight



CHAPTER 2. LLT POLYNOMIALS 21

can be expressed as

k # colors exiting the # colors larger than ¢ that
L(z )(I’ J’ K’ L) = q vertex to the right | | t appear in the vertex (26)

colors i exiting the
vertex to the right

When k = 1, this is the non-intersecting path model (also known as the five vertex
model), as illustrated in [51, Thm. 7.16.1].
Given a k-tuple of partitions A = ()\(1), ey )\(k)) and an integer 7, we define

AG) = (@, a™) e {0,1)
2

1
2
where a = (a(l), . ,a(k)) is the Maya diagram of A. Let

r=r(B/y) =min{i € Z : v(i) + 1},
s=s(B/v) =max{i € Z: 3(i) +#+ 0} + 1.

With this notation, we introduce a lattice that will be of particular interest to us:
B(r) ... B(s)

Wa(B/7) = 1] A (2.7)

0| z1 | = | =1 |0

() 7 A(s)

Following [45], we define the bandwidth band(8/~) := s(8/v) — r(8/~) to be
one less than the number of columns in this lattice. To simplify notation, we will

often replace 3(r)...03(s) with 8 and ~(r)...~(s) with 4 to indicate the top and
bottom boundary conditions.

Example 2.3.1. Let 8/~ = ((3,3)/(2,1),(3,1)/(1,0)) and n = 2.

-10 1 2

lv= BT
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We compute r = =1 and s = 3, and

-1 0 1 2 3
(0,0)(0,1)(0,0)(1,0)(1,1)

(0,0)| 2 | @2 | T2 | T2 | @2 |(0,0)

Lgiy =

(0,0)| 1 | z1 | 21 | 21 | 21 |(0,0)

(0,1)(1,0)(0,1)(1,0)(0,0)

where we have included the column indices (in addition to the variables and the outer
edge labels).

We let Z3,.,(X,,;t) denote the partition function of W, (8/+), that is,
Zg)(Xit) = > weight(L).
LeLC(Wn(B/[7)

Remark 2.3.2. [t is easy to see that the partition function does not change if we
expand the lattice to go from column r' < r to column s = s. Indeed, for all v < r,
we have v(r') = B(r') = 1 so each color is forced to travel vertically through column
', contributing a factor of 1 to the weight of each lattice configuration. Similarly,
for all s > s, we have v(s') = B(s') = 0 so column s' is empty, contributing a factor
of 1 to the weight of each lattice configuration.

Having set up the necessary notation, we can state the main theorem of this chapter.
Theorem 2.3.3 ([22, Thm. 3.4]). Let B/~ be a tuple of skew partitions. Then
Z,B/'y(Xn; t) = ‘Cﬁ/'y(Xn; t)

Some examples of using this theorem to compute LLT polynomials are given in
Section 2.7.
This theorem will follow from a weight-preserving bijection

@ : SSYT(B/~) = LC(W,(B/7))-

Given T' € SSYT(B/~), the corresponding lattice configuration L = o(T') is con-
structed as follows. Each row in T corresponds to a colored path in L. Fix a row

cc+1l-c+7-1

€|yl | € T(Z)
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in T. The corresponding path in L has color i, enters via the bottom of column ¢
and exits via the top of column ¢ + j, and crosses from column ¢ + m — 1 to column
¢+ m at row e, for each index m € [j].

Example 2.3.4. Let 3/~ = ((3,3)/(2,1),(3,1)/(1,0)) and n = 2. Then

-10 1 2

. ‘/1 ‘/ . | |

L
1

where in the lattice configuration blue is color 1, red is color 2, and we have omitted
the variables and the edge labels (as we will do often).

The invertibility of ¢ is straightforward; indeed this is a well-known fact for one
color [51, Thm. 7.16.1] and the proof for k& colors follows from applying the proof
for one color to each of the k colors independently. The following proposition then
completes the proof of Theorem 2.3.3.

Proposition 2.3.5 ([22, Prop. 3.6]). Let T € SSYT(B/v) and let o(T) be the
corresponding lattice configuration, as defined above. Then

coinv(T) = Z z (# colors larger than i that appear in V).

vertices V in @o(T) colors i exiting V to the right

coinv(T)

In particular, the weight of the lattice configuration o(T') is 2t

Proof. The left-hand side counts the number of coinversion triples in 7; that is, the
number of triples of boxes in T’

alc T(j)

with p denoting the content line, ¢ < j, and a < b < ¢, where we set a = 0 and
¢ = oo if the respective box is empty. One can observe that the coinversion triple
can be recovered just from ¢, 7, b, p, so we will identify each coinversion triple with
the corresponding quadruple (7, j,b,p). The right-hand side counts the number of
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quadruples (7, j,b,p) where V is the vertex in ¢(7T) at row b and column p, i is a
color exiting V' to the right, and j is a color larger than ¢ that appears in V. The
proposition follows from the fact that the left-hand side quadruples correspond to
the right-hand side quadruples via ¢. To verify this correspondence, we split into
cases based on the form of the coinversion triple.

0<a<b<c<oo 0O<a<b<c=o00 O<a<b=c<o0
7o é oo :’: T, ':
p : p p ;
7 < . < . E N
" " "
@ AL 1] @ 70 L 70 i
O=a<b<c<oo O=a<b<c=o0 O=a<b=c< o0
0 I 0o G LTI 0 9
p . 4T p AT p . [
.’ o 7 . o . o
. Ul . UNR v Ul
- | 1] - I - :
i Hl| o - o H
0O<a=b<c<oo O<a=b<c=00 O<a=b=c< o0
» ) ,
7@ Z oo ) :’: @ ':
p < p < p A i
/ 70 : / 70 : / 70 :
1 1 1

2.4 The symmetry of the LLT polynomials

The Yang-Baxter equation (Prop. 1.4.4) can be used to give an alternate proof
that the coinversion LLT polynomials £g,,(X;t) are symmetric in the X variables.
This was originally shown in [39], and later proven purely combinatorially in [31].

Theorem 2.4.1 ([22, Thm. 4.2]). The coinversion LLT polynomial Lg/(X;t) is
symmetric in the X wvariables.

Proof. It is enough to show that swapping x; and z; leaves the partition function
Z3/,(X;t) unchanged, for any ¢ < j. Consider two rows

O T | -~ | Ti |0
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in W,,(B/~). We insert an R matrix at the left end and repeatedly apply the YBE
to get

To get a non-zero entry of the R matrix, we have I = J = 0 ifand only if K = L =0,
in which case R, /,,(0,0,0,0) = 1. Therefore the above equality becomes

0| % |-~ | % |0 0 @ || 7 |0

]

The technique used to swap two white rows in the previous proof is sometimes
called the “train argument.” We will use this technique many times throughout this
thesis.

2.5 Single rows

In this section, we consider the case when v = @ and each partition in 3 has
a single part i.e. (3 is a k-tuple of single rows. In this case, we can view 3 as
a (weak) composition §, and we will abuse notation by writing £5(X;t) to mean
the polynomial L£5(X;t). Using the results of the previous section, we give another
proof that the LLT polynomial indexed by [ coincides with a certain Hall-Littlewood
polynomial. The exact statement is as follows.

Let K, ,(t) € Z[t] denote the Kostka-Foulkes polynomial. Let H,(X;t) denote
the transformed Hall-Littlewood polynomials, given by their Schur expansion

H(X:t) =) Ky, (t)s,(X) (2.8)
A=p
where the sum is over partitions A that dominate p (i.e. || = |u| and ZZZI i =

Zgzl p; for all j). We define the modified Hall-Littlewood polynomials H (X5 t) by

H(X:t) = t""H,(X;t7") (2.9)
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where n(p) = ) (i — 1)p;. Similarly, we define the modified Kostka-Foulkes polyno-
mials I?A’u(t) = tn(“)K,\’u(t_l), so that

H(X:t) = ) K, (t)s\(X). (2.10)

Azp
The following is due to [39], albeit in a different form than stated below.

Proposition 2.5.1 ([22, Prop. 5.1]). Let p be a partition, viewed also as a tuple of
rows. Then

G.(X;t) = H,(X;t). (2.11)

where we recall that G,(X;t) denotes the inversion LLT polynomials.

The polynomials K A, (t) have many geometric interpretations. It is a well known
fact [42] that when ¢ = ¢ is the cardinality of a finite field F,, GL,(F,) acts on
the set of IF,-rational points of a flag variety, and K 1.(q) equals the value of an
irreducible character x, in this representation on a unipotent element u with Jordan
form specified by p. Prop. 2.5.1 is proven in [39] by showing that there is a cell
decomposition of a similar flag variety whose cells are indexed by k-tuples of tableaux
and whose dimensions are precisely the inversion statistic defined in Section 2.2.

As far as the author is aware, the only known proofs of Prop. 2.5.1 rely on the
geometry of an underlying flag variety. We present a new proof using our vertex
model formulation of coinversion LLT polynomials. Using (2.9) and (2.5), (2.11)
becomes

L(X;t) = "W H (X:1) (2.12)

where we recall that m(u) is the number of triples in u. We derive the following
explicit formula for m which holds for all tuples of partitions 3, not just those
consisting of single rows.

Proposition 2.5.2 ([22, Prop. 5.2]). Let 3 be a tuple of partitions. Then,

m(B) = #{a <b, i,j | 0= " —j+i < 57+ max(min(8”—i, 5" —j)+min(i, 5, 0)
¥

(2.13)
Proof. We count triples by the cell labelled v in (2.4), as this cell must always be in
the shape 3. Fix a cell v = (i,() € ﬁ(a) . I (u,v,w) is a triple, then u,w must lie
in (or adjacent to) some ﬁ(b) for b > a. For each row ij), let w be the unique cell in
this row on the same content line as v and let u be the cell directly to the left of w.
Then (u,v,w) is a triple if
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1. u,w are both in B§b);
2. u is the cell (4,0) just before the beginning of the row; or

3. w is the cell (7, ﬁ](-b)) at the end of the row.

In other words, v forms a triple with two cells in row ﬁ](-b) exactly when 5;1)) has a cell
of content ¢(v) or ¢(v) — 1. As the set of contents of cells in the row ﬁ](-b) is precisely

the interval [1 — j, B](-b) — 7], we have
u,v,w) is a triple <= 1—-j < c(v 56(»b)—j+1 — i—js€—156<b)+i—j.
j j

As ¢ — 1 ranges over the interval [0, Bi(a) — 1], after summing over /,7,j and a < b,
we find that the number of triples (u, v, w) is

m(B) =Y #([0.8” =11n[i-j 5" +i-;])
1<
=Y #([-i.8" —i-11n[-j.8" - j])
a<b
=}:mmqmmuﬁ”—¢—1M$“—j)—nmﬂ—@—ﬁ4aum

a<b
2y

:}:mmdmm@§0—L@w—j)+mmUJ%O)+{
a<b
%,

1 —min(i,j) < 8 - j< g —i-1

0 :else

1 ti—min(i,j) < g = j+i < g

0 :else

= ) max(min(5" ~i. 5" = j) + mini. ). 0) + {
a<b
Y]

The condition ¢ — min(4, j) < ﬂ;b) — j + 1 is seen to be equivalent to 0 < ﬁ;b) —j+1
in either case ¢ < j or j < 1i. [
Given a composition 3, we define Inv(3) = #{i < j | 5; > 5;}.

Lemma 2.5.3 ([22, Cor. 5.3]). Let u be a partition and let § be a rearrangement of
the parts of u. Then

m(B) = n(p) + Inv(3)
where n(p) =) (i — 1) .



CHAPTER 2. LLT POLYNOMIALS 28

Proof. As 3 is k-tuple of single rows, the only terms that contribute to the right-hand
side of (2.13) are when i = j = 1. Thus,

m(B) =#{a<b]0= 5" <A+ max(min(8 - 1,5 - 1) + 1,0)

a<b
= inv(8) + Y min(5“, 3.
a<b
The result follows from the identity n(u) =), min(ﬁ(a), B(b)). O
With Lemma 2.5.3, (2.12) becomes
. _ Inv(p) .
L,(X;t)=t H,(X;t). (2.14)

We establish the following statement, giving another proof of (2.14).

Proposition 2.5.4 ([22, Prop. 5.5]). Let p be a partition and let B be a rearrange-
ment of the parts of p. Then

Lo(X:t) =™ H (X:1).
In particular, if (' = (fi, ..., 1) is ju in reverse order, then
Ly (X;5t) = H,(X;t).

Proof. Using Prop. 2.5.5 below, it suffices to prove the particular case with u'*" .
Viewing p'*" as a composition rather than as a tuple of rows, we recast the definition
of L,rev(X;t) as a sum over fillings of the diagram D(p""):

E#rev (X’ t) = Z tCOinV(U)J,’U (215)

rev
o =Ly
rowss<

where the sum is over fillings of ;""" with weakly increasing rows, and coinv(c) counts
triples of the form

(2.16)

b

with a < b < ¢ (we set a = 0 if it is not in p"").
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We recall the combinatorial definition of H,(X;t), given in [31], by exchanging
¢ and t in the combinatorial formula for Macdonald polynomials and setting ¢ = 0:

H(X;0)= Y ™, (2.17)
o':,ul—>Z+

cols>

Here, the sum is over fillings o of the conjugate Young diagram D(y') with weakly
decreasing columns, and Coinv'(a) counts triples of the form

i z

(2.18)

with 2 < 2 < y (we set y = 0 if it is not in z').
Define ® to be the map from fillings of 4™ to fillings of ;' which rotates 90
degrees counterclockwise and swaps entries ¢ and n —¢ + 1. For example:

414
4

=l WIN |

| w|W| N
=~ Q| = =
[\

It is clear that ® is a bijection and (after setting a = y, b = 2, and ¢ = x) maps
coinversion triples as in (2.16) precisely to triples as in (2.18). In other words, ® is
a weight-preserving bijection from terms in (2.15) to terms in (2.17). O

Proposition 2.5.5 ([22, Prop. 5.4]). Let u be a partition and let B be a rearrange-
ment of the parts of p. Then

L(X;t) =™ W™ (xi).

Proof. Tt suffices to prove this statement in the case when f is obtained from u by a
single swap of consecutive rows, and in fact we only need to consider the case when
= (1, po) and B = (g, 7). We take blue to be color 1 and red to be color 2. As
the case p = o is trivial, we assume p; > po. In this case, in any path configuration
of W, (), the blue path will end to the right of the red path. Since the paths start
at the same face, there exists a last face of the form | -] Taking a path configuration

of W, (i) and swapping the colors of the paths after this face gives a bijection with
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path configurations of W,,(3). For example,

I I

It’s clear that the number of coinversions decreases by one after swapping, so that

L,(X;t) =t Lz(X;1).

2.6 Cauchy identity

In this section, we give another proof of a Cauchy identity for LLT polynomials.
A Cauchy identity was given in [38] for the original spin-generating LLT polynomials,
whereas our Cauchy identity is for coinversion LLT polynomials; however the reader
can readily use (2.3) to rederive the identity in [38].

Theorem 2.6.1 ([22, Thm. 6.1]). [Cauchy Identity] Fiz n,k = 1. Then

th(* La( X, )L (Y, t) = ﬁ 1_[ zat™) (2.19)

i,7=1 m=0

where the sum is over k-tuples X of partitions with n non-negative parts and d(X) is
given in Lemma 2.6.7.

To prove Theorem 2.6.1, we will use a method of using vertex models to prove

Cauchy-type identities given in [53].

Row-to-row transfer matrices

We introduce two types of semi-infinite row-to-row transfer matrices. The
first is obtained by concatenating infinitely many L matrices, and the second is
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obtained by concatenating infinitely many M matrices. Graphically, we represent
these matrices as follows:

T(xz) = .

@)=

For T(x) we write the parameter x to the left of the row to indicate that every
face has weights given by L., and similarly for 7%(z). An entry of the matrix is
given by fixing the incoming (left and bottom) and outgoing (top and right) paths
on the boundary and summing over the weight of all configurations respecting these
boundary conditions.

Note that the matrix entries are well-defined only if we assume |z| < 1, which
means that any matrix entry with unbounded degree in x is equal to 0, hence

We are interested in certain submatrices given by

§ %

T (z) : _% +
z

where to simplify notation we use a black circle to indicate the vector 1 and a
white circle to indicate the vector 0. Graphically, fixing how the paths enter and
exit the row from the top and bottom, the corresponding entry 7, (z) is the sum
over the weight all possible infinite row configurations of white boxes such that
the leftmost edge is unoccupied and only empty boxes appear sufficiently far to
the right, respecting the top and bottom boundary conditions. The corresponding
entry of T (x) is the sum over the weight all possible infinite row configurations
of gray boxes such that the leftmost edge is unoccupied and only boxes with all
paths horizontal appear sufficiently far to the right respecting the top and bottom
boundary conditions.
Repeated application of the Yang-Baxter equation (1.4.5) yields the following:

T,(x):
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Proposition 2.6.2 ([22, Prop. 6.3]). The matrices T,(y) and T, (x) satisfy

x>< % : y+ >< »
y b
Proof of Theorem 2.6.1

The proof comes in several steps. We begin with the equation

(2.21)

1
%
g

which follows from repeated applications of Prop. 2.6.2. Here the gray rows are
generated by T and the white rows are generated by T,.

We first simplify the left-hand side of (2.21). As no paths enter from the left, we
can factorize the left-hand side as follows:

X
o100 1070

The first factor equals 1, since there are no paths. To evaluate the second factor, we
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observe that the only non-zero contribution occurs for the following configuration:

\
in which the bold paths indicate that paths of every color follow the trajectory. This
has weight
Ey\n—1 E\\"—2 E\\ L n\(k
(x]ft(Q)) (x’;t(Q)) (xfb_lt(z)) = (xp")k t(2)(2). (2.22)
where we recall p, = (n—1,...,0) and 2" denotes the monomial x?_l---x?l.

We now simplify the right-hand side of (2.21). The right edge of the lattice is
situated at infinity, hence a non-zero contribution is possible only if the lowest n edges
are unoccupied and the highest n edges are occupied. Therefore we can factorize the
right-hand side as follows:

IRRER

The only non-zero contribution to the second factor is

In

n

k-1
" ]_[ (1—zy;t™). (2.23)

Yn Z =1m=0

Y1
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The first factor can be expressed as

IRNEE

We know from Theorem 2.3.3 that the first factor in the sum is £5(y1,...,yn;t). In
the next subsection, we will prove that the second factor in the sum is

La(zy, ... 2, t) i= i ¢ = (a:p")k t(g)(g)td(A)ﬁx(Xn; t) (2.24)
71% ®

where d() is given in Lemma 2.6.7. In light of (2.22), (2.23), and (2.24), we see
that (2.21) becomes

( ﬁ l—[ x;y;t Z (:L“p")k t(g)(g)td(A)ﬁA(Xn;t)[,A(Yn;t).

1,7=1 m=0 A

Rearranging gives Theorem 2.6.1.

Calculation of £}

Definition 2.6.3. Let N,n,k be non-negative integers. Given a partition A with n
non-negative parts, each of which is < N, we define its complement in an N X n
box to be the partition

N=(N=\,....,N=X\).

Given A € P,lf, we define its complement in an N Xn box to be the k-tuple of partitions
A= ()M 09%)Y where
(We will use this notation in Chapter 2. In Chapter 3, we will actually define the

above to be the complement in an n X N boz, as necessitated by the use of purple/pink
vertices.)
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To derive (2.24), we need the following two identities of LLT polynomials.

Proposition 2.6.4 ([22, Prop. 6.4]). Let A = (A(l),...,)\(k)) be a k-tuple of par-
titions, each having n non-negative parts. Fix the number of columns M such that
band(\) < M and let N = M —n. Let X° be the complement of X in an N X n boz.
We have

i

% |- N L3 (X t)

.
o %

A

M

where d(X) is given below in Lemma 2.6.7. In other words, if B = ((N")¥) (the
k-tuple of partitions, each of which has all n of its parts equal to N ), then

Lpa(Xpit) = "N Ly (X3 ). (2.25)

Proposition 2.6.5 ([22, Prop. 6.5]). Let X and N be as in Prop. 2.6.4. Then

La(X,:t) = (ay0-, ) Nt 04 (X 1) (2.26)

n

where

JA) = (k= DA —nN(’;). (2.27)

Remark 2.6.6. Prop. 2.6.5 has a representation-theoretic meaning. Atq =1, (2.26)
is simply a statement of contragredient duality for (tensor products of ) irreducible
representations of GL,. One can use this same duality, together with the machinery
of affine Hecke algebras, to conclude the statement for arbitrary q.

A similar result was proven in [50, Prop. 10] for the class of generalized Hall-
Littlewood polynomials defined therein. These polynomials coincide, up to a power of
t, with coinversion LLT polynomials when the indexing tuple consists of rectangles.

For the proof of Prop. 2.6.4, we construct a bijection LC'(W,(B[X)) —» LC(W,(X°/0)),
which we show is weight-preserving (up to an overall power of ¢ and rearranging the
X variables) using a “corner flipping argument.” The proof of Prop. 2.6.5 is similar,

but we use a bijection LC(W,,(A/0)) = LC(W,,(A°/0)).

Proof of Prop. 2.6.4. There is a bijection ® : LC(W,(B[/X)) —» LC(W,(X°/0))
given by rotating 180 degrees and reversing the colors. For example, with two colors
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we have

I (17 [ ]

mndllnn I

Note that horizontal steps in row ¢ become horizontal steps in row n — ¢ + 1 under
this bijection, so the X weight remains unchanged up to switching z; and x,,_;,;. By
Lemma 2.6.7 below, the bijection decreases the ¢t weight by d(A). Thus

(A
Loa(Xpit) = "V Lxc(@n, o m0it) = Lae(Xit)
where the last equality uses Theorem 2.4.1. O]

Lemma 2.6.7 ([22, Lemma 6.6]). Let X and ® be as in the proof of Prop. 2.6.4.
Then
d(\) := coinv T — coinv &(T)

1s independent of T'. In particular,

d(X) = (Z)(g) — i ja<b | A =i <N - ) (2.28)

Proof. For any k-tuple of skew partitions 3/, LC(W,(8/~)) is connected under
corner flips

It thus suffices to show that if T' € LC(W,,(X/0)) and f(T) € LC(W,(A/0)) results
from flipping a single corner of 7', then

coinvT — coinv f(T) = coinv ®(T") — coinv ®(f(T)). (2.29)

As coinversions are counted pairwise between colors and ® interchanges down-flippable
corners with up-flippable corners, without loss of generality it suffices to prove (2.29)
in the case when X\ = ()\(1), )\(2)) and f(T') results from T by flipping a corner down.
The table below shows the 10 possible local configurations of paths where a corner
of T might be down-flippable, along with the corresponding corner in ®(7"). (Here
blue is color 1 and red is color 2.)
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[Case [TI(R)[2(B)[3B)[4B)[5 B [6(R)[7TR) [8MB)[9([R)[10R)]

" Ao L B e Lol e

w0 = H N EIEHIE E IEAIE I I

We will do case 1 in detail. The rest can be done similarly.

In case 1 the original local configuration of T" contributes a power of ¢ as the blue
path exits right and a red path is present. Suppose that flipping the red corner down
causes T to lose a power of t. Marking the original face with a %, we must be in the
situation

* , *
flip
T, —

where no blue path is present in the bottom-right face (since a blue path exiting
right would contribute a power of ¢, and the presence of a blue path in the top-right
face prevents a blue path from exiting up). In ®(7") this corresponds to the situation

o(T), I,

* *

where no red path is present in the top-left face. Here the bottom-left face originally
contributed a power of ¢, which is lost after the flip. Thus we lose a power of ¢ in
both T" and ®(T).

Now suppose there was no change in the power of t after flipping the corner in
T. Then we must be in the situation

* . *
flip
T, —

where a blue paths exits right in the bottom-right face contributing a power of ¢ to
make up for the one lost from the top-left face. In ®(T") this corresponds to

oy, 1] [

* *

where now the top-left face contributes a power of ¢t to make up for the one lost from
the bottom-left face. Thus there is no net change in the power of t for either T or

o(T).
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From this we see that coinvT — coinv ®(T") is independent of T'. It is left to
compute this quantity for some 7. We choose 7" such that all the paths stay as high
as possible (no up-flips available). For this choice of configuration T, in ®(7T") the
paths are as low as possible (no down-flips available). For example:

T o(T)
] T

T I

L1

For two colors, one can check that the powers of ¢ in T" and ®(7") are given by

coinvT = Zmin(N — Agl),N — )\52)) + Z#{j <i| )\Z@) -2 )\§~1) -jh
i=1

i=1
coiny (7Y = Y min((), 09P) + Y #0211 090 =5 > (9 - i}
i=1 i=1

= > min(N =AY N = A+ Y #{izi [AP - i< A - )
1=1 i=1

where in each expression, the first sum counts powers of ¢ coming from E and the

second sum counts powers of ¢ coming from E We have

d(N)

coinv T — coinv ®(T")

= . 2 ) . - o 9 » .
R RIE RGP SITMPCRPS
i=1 i=1

= (2> —#{i g I AT - i< A -

To extend this to k colors, we sum over all pairs of colors a < b and get

d(A) = (3)(’5) =Y #Hi g AT =i <A - )

a<b
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Proof of Prop. 2.6.5. Upon specialization at t = 1 and k = 1 of (2.26), we arrive at
a well-known identity of Schur functions [51, Ex. 7.41]

SA(Xn) = (%'“%)NS,\C(X;I)

which is proven combinatorially using a bijection SSYT(\) = SSYT(\?). We recall
that bijection here.

Fix a partition A with n = ¢(\) and N 2 A;. Fix T" € SSYT(A) and let v
denote the (possibly empty) columns of T', left to right. Let o' be the column whose
entries are [n] \ {j | 7 € v'}, arranged in increasing order. Define ®(7T") to be the

N

tableau with columns o', ..., 7, left to right. An example is given below with n = 4
and N = 3.
2111
41312
—>
3 31414
112 11213

Now if T' = (T(l), o ,T(k)) € SSYT(A), then we abuse notation and write
o(T) = (d(T™), ..., d(T™M)) € SSYT(XY)

to be the reversal of applying the bijection ® individually to each tableau. We
further abuse notation and write ®(7) € LO(W,,(X°/0)) to be the corresponding
lattice configuration, when 7" € LC(W,(A/0)) is a lattice configuration. Note that
if T has weight 2" in the X variables, then ®(7') will have weight (z7")" (z,---2,, )"
in the X variables. The proposition then follows from Lemma 2.6.8 below. O]

Lemma 2.6.8 ([22, Lemma 6.7]). Let A, N, and ® be as in the proof of Proposition
2.6.5. Then

~

d(A) 1= coinv T — coinv ®(T')

1s independent of T'. In particular,
~ k
d(A) = (k- 1)|\| —nN(2>. (2.30)

Proof. Similarly as in the proof of Lemma 2.6.7 (noting that once again ® inter-
changes down-flippable corners with up-flippable corners), it suffices to prove

coinvT — coinv f(T) = coinv ®(T') — coinv ®(f(T)) (2.31)
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in the case when X\ = ()\(1), )\(2)) and f(T) results from T by flipping a corner up.
Letting blue be color 1 and red be color 2, we consider the case

T J(T)

a+1 s EAUA

where a blue path goes through the square but not the circle in 7. (The other cases
can be shown similarly.) Since the configuration f(7") is obtained from T by flipping
a red corner up from row a to row a + 1, the tableaux f(7T) is obtained from T by
swapping an entry a € T with a + 1 € f(T(2)). Therefore the tableaux ®(f(7T))
is obtained from ®(7T') by swapping an entry a + 1 € @(T(Q)) with a € <I>(f(T(2))),
hence the configuration ®(f(T")) is obtained from ®(7") by flipping a blue corner
down from row a + 1 to row a.

T S(T) (T) o(f(T))

b flip flip

a+1 O

We claim that a red path goes through the square but not the circle in ®(7"), hence
coinv ®(T") — coinv®(f(T)) = —1 = coinv T — coinv f(T').

A blue path goes through the square in 7T, so there is an entry a + 1 € 7" on the
same content line as the entry a € T3, A blue path does not go through the circle
in T, so the cell directly below this a + 1 (if it is in 7" at all) cannot contain an a.
Thus Q)(T(l)) contains an a but not an a + 1 in the corresponding column. The case
is pictured below, with a concrete example on the left and the general case on the
right; gray cells denote cells in the complement shape, and a is the circled green 2 in
the left picture.
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4 3 1 ) v /// ) v
348 s
) v /// 2 2 4 ) s
7/ ’ 7/ ! /// 1 1 2
201 (1|~ 7"~
/// 4 3 2 ) , ///
) 7’ /// 3 4 4 ) 7’
7/ ! 7/ ! 7/ ! 1 2 3
2
a+1
1
: a
a o
. T(2)
a+1
1
7

Let ¢; denote the column containing e T and @ € (IJ(T(I)) and let ¢, denote

the column containing @ e T and e ®(T™). Due to column strictness, in
both ¢; and ¢, the set of numbers between the a and the a + 1 is exactly the interval
[a + 2,n]. Thus the number of cells between the a and the a + 1 is the same, and

since we know e T and El e T are on the same content line, then so too
must @ € @(T(l)) and € <I>(T(2)). Therefore the cell lz’ € @(T(l)) corresponds

to a red path going through the square in ®(7"). We can also conclude that @(T(l))
does not contain an a + 1 on the content line immediately above the content line
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containing this a; by semistandardness, the only place this a + 1 could go on this
content line is the cell directly above the a, but we know @(T(l)) does not contain
an a + 1 in the same column as the a. Therefore a red path does not go through the
circle in ®(T).

We now explicitly calculate d(A) = coinv T’ — coinv ®(T") for some 7. We choose
the configuration in which the paths are as low as possible (no down-flips available).
On the tuple of tableaux, this corresponds to the superstandard filling, i.e. the filling
in which the i-th row is filled with only ¢’s. Hence ®(T') is the configuration in which
the paths are as high as possible (no up-flips available).

T o(T)
T T 10

—_ ]

I |

As in the proof of Lemma 2.6.7, one can check that the powers of ¢ in T" and ®(T)
are given by

coinvT = Y min(A7 A7)+ Y #{j =i [ A -5 > AP - i),

i=1 i=1
coinv (T) = ) min(A A7)+ ) G s i | AV -0 <A - )
=1 i=1

=Y min(N = AL N =AY + ) # =i | -Gk — i< Rk - )
i=1 i=1

= N = Y max( AP + Y 1 =i |G 40> 0, 4 )
=1 1=1

= Nn =y max(A AP+ iz A -0 > AP -
; i=1

<
1l
—_

Hence

~

d(A) = coinv T — coinv ®(T)

=Y min(A, A7) - N+ Y max(A[, A7)
i=1 i=1

_ |)\(1)| + |>\(2)| — Nn.
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To extend this to k colors, we sum over all pairs of colors a < b and get

d(A) = (k—=1)|A| - nN@

O

Continuing with our calculation of £, we switch from the L weights to the M
weights in Prop. 2.6.4.

Corollary 2.6.9 (][22, Cor. 6.9]). Fiz A and M as in Prop. 2.6.4. We have

M

z,

%
.
|

Zy

i = (e )M CNANHN £ 1y

A

Proof. Recall the algebraic definition of the M weights

Mg KL) =P, 7, K1)
where T = m—lk,l Thus, to switch to M weights in Prop. 2.6.4, we first take x; —
i = xt% and then multiply each face in row ¢ by :L’f t(g) This gives

Kl

k 1 _ 1 _
n)kMtnM(Q)td()\)L:)‘c(xllt k+17“'7$n1t k+1;t)

(Ilooox
k (1 c _ _
= (xln'xn)kMtnM(z)td(A)t (k1A |£)\c(x1 17 s ,.73”1; t)

; - - -1)n -n —
.xn)kMtnM(Q)td()\)t(k DA =k(k=1)n(M )Exc(an;t)
2(k -n -n k - —
= (yeeeary) Mg GO G) DN £y
2(k 5, _
= (xl...xn)kMtn (2)td(>\)+d(>\)£)\C(Xn1;t),

Corollary 2.6.10 ([22, Cor. 6.10]). Fiz X and M as in Prop. 2.6.4. We have

M

=i

; i L = () (e, PO £y
%
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Proof. By the nature of the M weights, in order for a configuration of the lattice in
Cor. 2.6.9 to have a non-zero weight, the configuration must have the form

M

!

Tn

+
.
|

Z;

%
%
i

A

i.e. the i-th path of each color must end with n — ¢ + 1 vertical steps. Similarly the
configurations of the lattice in this corollary must have the form

M

Ty

|
.
|

Ty

A

i.e. the i-th path of each color must end with ¢ horizontal steps. There is a weight-
preserving bijection from configurations in Cor. 2.6.9 to configurations in this corol-
lary by taking

I

—s

(while fixing the beginnings of the paths) and multiplying by (zy2,) " (2)" ¢ (121)(E)
O

Proposition 2.6.11 ([22, Prop. 6.11]). Let A = (A(l),...,)\(k)) be a k-tuple of
partitions, each with n non-negative parts. Then,

LE(X,:t) = (xp”)kt(g)(g)td()‘)[,)\(Xn;t)

Proof. Fix the number of columns M as usual. Combining Prop. 2.6.5 and Cor.
2.6.10 yields

M

y (P )
%
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Note that this is independent of M. Taking M — oo gives the proposition. O
We are finally ready to prove the Cauchy identity.

Proof of Theorem 2.6.1. Combining (2.22), (2.23), and Prop. 2.6.11, we see that
(2.21) becomes

n k-1
() B = TTTT( = 2agt™ Y (@) (SN L (X ) L0 (Vs ).
i,j=1m=0 X
Cancelling (2" ")kt(g)(g) from both sides gives the desired identity. O

Reformulations of the Cauchy identity

A similar argument holds when we let the paths enter the bottom at positions
indexed by a tuple of partitions p:

1l
] 8
s A :
—O——O0——O0——O——O—7—O—
°

The first factor is 1, the second factor is 1, and the third factor is

n\(k
2/\2

CE(Xt) = (") EEEW L ().
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We can factorize the right-hand side as follows:

] s
X

Y1

m
The second factor is
i?L
- n k-1
./1 m
= (1-ay;t™).
Un, 4,7=1 m=0
1

The first factor is

> N y
N ) ..

n A

= Laju(Xp;t) ()" GG L (.

Rearranging, we get the following reformulation of the Cauchy identity:

Proposition 2.6.12 ([22, Prop. 6.12]).

n k-1
A —1
> VLX) Lagu (Yo t) = "L, () T [ (1 = wayt”™
A i,j=1m=0
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Take B to be the smallest box containing A and let A° be the complement taken
in this box. Define ™ := B/X°, which we can think of as ()\(k)’mt, . .,/\(1)’mt)
where A" is A rotated 180 degrees. Plugging in A® into (2.25) for this choice of B,

we see that

Lyror(Xp;t) =

'C)\(Xny t)

Using this to replace one of the £, in the sum in Theorem 2.6.1, and noting that
d(X°) = d(X\), we can reformulate the Cauchy identity as follows:

Corollary 2.6.13 ([22, Cor. 6.13]).

Z L (Xm t)ﬁz\mt(an t

A

2.7 Examples

n k-1

=[1110-

2,7=1 m=0

Throughout this section, blue is color 1 and red is color 2. We use Theorem 2.3.3
to compute two coinversion LLT polynomials.

First we compute Lg/ (1, ...

,Zy;t) where B/~ = ((3)/(0),(2)/(0)) and n = 2

There are 12 semistandard Young tableaux of shape 3/~ with entries in {1, 2}, which
are shown below along with the corresponding lattices and polynomials.

/0/1/2 /0/1/2 012 0/1/2
1]
= —F H
L [ [ \
x?tg 1'111'2t2 1131515 T Lot
/0/1/2 /0/1/2 012 0/1/2
[ [T 17
- 7 I 1
E= i r Ee
x:lzxgtg 1%15252 ¢f¢§1‘2 xil‘gtg
O 1 2 0 1/ 2 012 O/ 1/ 2
[ } ] 17 } ]
I J — I
il ‘ 4 |
1,1:1:;1t Jflgt Mﬁt cht”
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Therefore the coinversion LLT polynomial is

2 3 3 2
L3)/0),2)/0))(T1, 023 1) = t(a75 + 2775)
+ t2(x1x3 + xfxg + x?x% + xil$2)

3, 5 4 23, 32 4 5
+ (x5 + 229 + T1TH + TITH + Ty + 17).

Next, we compute Lg(21,...,x,;t) where B/v = ((3,3)/(2,1),(3,1)/(1,0))
and n = 2. Again there are 12 semistandard Young tableaux, shown below along
with the corresponding lattices and polynomials.

-10 1 2

T
\
il
2 4
T1To0

-

[ I
2

Therefore the coinversion LLT polynomial is

2 4 3 3 4 2
»C((3,3)/(2,1),(3,1)/(1,0))($1a To;t) = t(x)2g + 2Ty + 2123)

2 5 2 4 3 3 42, 5
+ t" (225 + 22729 + 32775 + 20115 + 11 T5).
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Chapter 3

Super ribbon functions

3.1 Introduction

Supersymmetric LLT polynomials Q/(\];L(Xn;Ym;t) were introduced in [38] (in
which they are called super ribbon functions). As the name suggests, these poly-
nomials are supersymmetric in the X and Y variables (see Definition 3.4.6) and
specialize to LLT polynomials when m = 0 (see [28, Remark B.3]). The supersym-
metric LLT polynomials have several other interesting specializations in addition to
the LLT polynomials, including the metaplectic symmetric functions, where were in-
troduced in [15], and the supersymmetric Schur polynomials, which can be realized
as characters of certain simple modules of the Lie superalgebra gl(n|m) [6].

In this chapter, we will study supersymmetric LLT polynomials from the perspec-
tive of integrable vertex models. As was shown in the previous chapter, as well as in
[1, 22, 23], the LLT polynomials can be realized as a certain class of partition func-
tions constructed from an integrable vertex model. In [15], the authors constructed
a vertex model whose partition functions are the metaplectic symmetric functions.
In this paper, we generalize these results by showing the that there is an integrable
vertex model whose partition functions are the supersymmetric LLT polynomials.
The main result of this chapter can be summarized as follows.

Theorem 3.1.1 (Prop. 3.5.9). Suppose the k-tuple of skew shapes Al is the k-
quotient of the skew shape \/p. There is a Yang-Baxter integrable vertex model
whose partition function Ei/“(Xn; Y,.;t) is equal to

L3/ (Xo; Yo t) = 2G50 (X, Vi t'%)

for some half-integer O € %Z, where QiﬁL(Xn;Ym;t) 18 the super ribbon function.
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Ezxplicitly, Ei/u(Xn; Y, t) is the partition function associated to the lattice

A

m

This chapter is organized as follows. In Section 3.2, we describe how to relate
tuples of semistandard Young tableaux to semistandard ribbon tableaux through the
Littlewood quotient map, and we extend this map to the case of super tableaux. In
Section 3.3, we define the relevant partition functions that give rise to the supersym-
metric LLT polynomials /ji ju- In Section 3.4, we prove a variety of properties of the

Ei /u- The main result of this section is
Theorem 3.1.2. The polynomials Ei/“(Xn; Y,.;t) satisfy the following properties.

1. (Symmetry, Lemma 3.4.4) The polynomials Ei/”(Xn; Y,.;t) are symmetric in
the X andY wvariables.

2. (Cancellation, Lemma 3.4.5) Ei/u(Xn_l,r;Ym_l, —r;t) = Ei/u(Xn_l;Ym_l;t)

3. (Homogeneity, Lem. 3.4.9) The polynomial L’i/“(Xn;Ym;t) is homogeneous in
the X and Y wariables of degree |[N[p| = |A| — |p].

4. (Restriction, Lemma 3.4.8)

s s

Lajpu(Xno1,0; Y1) = Ly (Xno1; Yins 1),
s s

‘C}\/p,(Xna Ym—h 07 t) = [’)\/;J,(Xna Ym—lu t)

5. (Factorization, Lemma 3.4.10) If there exist T and m such that

A = (m o+ Tl(i) co,m+ T(i),nii), o

Y n

for all v, then

LYo t) = Lo (X t) - "Ly (Vs t™) - [T [+ 0)).
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The first two properties together imply the supersymmetry of the ,Ci/ﬂ(Xn; Y, t).
In the case where A = (\) is a 1-tuple of partitions, one can show that the su-
persymmetric LLT polynomial Ei(Xn; Y,,;t) is exactly the supersymmetric Schur
polynomial s,(X,,;Y,,). In fact, taking u = 0 and k£ = 1 in Theorem 3.1.2, these
properties uniquely characterize the supersymmetric Schur polynomials (see [46, Sec-
tion 2.1.2] and [43, Example 1.3.23]). However, we suspect (but do not prove) that
the properties in Theorem 3.1.2 do not uniquely characterize the supersymmetric
LLT polynomials, even in the case p = 0.

In Section 3.5, we relate the supersymmetric LLT polynomials to the super ribbon
functions introduced in [38], by proving Theorem 3.1.1. Finally, in Section 3.6, we
show the supersymmetric LLT polynomials satisfy a Cauchy identity. The main
result of this section is

Theorem 3.1.3 (Thm. 3.6.13). Let p and v be tuples of partitions each with in-
finitely many parts only finitely many of which are non-zero. Fix positive integers
n,m,p,q. Then
d(pA) pS s
Zt (h )‘CV/A(Xn>Ym;t)£p,/A(Wp7 Zq; t)
pY

(3.1)

d(Av) S S

= Q(Xn7 Ym7 Wp7 un t) Zt ( )'C)\/;L(X’m Ym7 t)EA/u(Wpu an t)
A

where

k-1 n  m P q (1_I,w tl)(l—y.:z :tl)
. _ 1Yo J~p
Q(Xn,Ym7Wpazq7t) - 1_[ l—[ 1_[ l_[ l_[ (1 + ija,tl)(l + xi:zﬁtl)'

1=0 i,i'=1jj'=1 a,a'=18,8'=1

3.2 Ribbon tableaux and the Littlewood quotient
map

This section provides necessary background information and establishes some
notation for the rest of this chapter. In Chapters 1 and 2, we ventured into the world
of tableaux on tuples of skew shapes and defined coinversion LLT polynomials. In
Section 3.2, we venture into the world of ribbon tableaux and connect the two worlds
via the Littlewood quotient map. In Section 3.2, we define super ribbon functions and
extend the Littlewood quotient map to a bijection between super ribbon tableaux
(Definition 3.2.7) and semistandard super Young tableaux (Definition 3.2.10). This
bijection plays a pivotal role in the rest of this chapter, because it allows us to relate
our partition functions (Definition 3.3.2) to the super ribbon functions in Prop. 3.5.9.
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Ribbon tableaux and the Littlewood quotient map

First we discuss semistandard ribbon tableaux. We define a bijection, called the
Littlewood quotient map, relating them and tuples of semistandard Young tableaux.

Fix a positive integer k. A k-ribbon is a skew shape of size k£ that is connected
and does not contain any 2 X 2 square. The head (tail) of a k-ribbon is the SE-most
(NW-most) cell in its Young diagram. A horizontal (vertical) k-ribbon strip of
shape \/u is a tiling of A/u by k-ribbons such that the head (tail) of each ribbon
is adjacent to the southern (western) boundary of the shape. We let HRS,(\/u)
(VRS (A1) denote the set of horizontal (vertical) k-ribbon strips of shape \/pu.

Throughout this chapter, we will omit k& when it is clear from context. For
example, we will use “ribbon” and “k-ribbon” interchangeably.

Definition 3.2.1. A semistandard k-ribbon tableau of shape \[u is a tiling of
A i by k-ribbons and a labelling of the k-ribbons by positive integers such that, for
all 1,

1. removing all ribbons labelled j for j > i gives a valid skew shape \<; [, and

2. the subtableau of ribbons labelled i form a horizontal k-ribbon strip of shape
>\si/>\si—1-

We let SSRT,(A/ ) denote the set of semistandard k-ribbon tableau of shape N/ .

Following the exposition of [47, Section 3|, we now define the Littlewood k-
quotient map. This map was introduced in [41]; another (perhaps clearer) formula-
tion, as well as a proof that the map is a bijection, is given in [52].

We first define the k-quotient map, which is a function

{skew partitions \/u} — {k-tuples A/p = ()\(0)/”(0)7 e )\(k_l)/u(k_l)) of skew partitions}.

This function can be defined graphically as follows. Given a partition A, we truncate
its Maya diagram to a finite sequence (ay, ..., a,_;) of East = o and South = e steps
by following the North-East boundary of A from North-West to South-East.

Example 3.2.2 (cf. Ex. 1.1.1). The Maya diagram of (4,3,2,2,1) isoeceeoceoce.

o
L
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Remark 3.2.3. Observe that postpending finitely many o’s to a Maya diagram does
not change the corresponding partition. Thus we can take the length r of the Maya
diagram (ay, .. .,a,_;) to be a multiple of k.

Let A be a partition with Maya diagram (aq, ..., a,_;). By the preceding remark, we
may assume s = r/k is an integer. We define the k-quotient of X to be the k-tuple
of partitions

A= (O )
where, for each 1, AD s the partition corresponding to the Maya diagram
(aia Qpgiy - - - 7a(s—1)k+i)'

We define the k-quotient of a skew partition A\/u to be the k-tuple A/p of skew
partitions, where A and g are the k-quotients of A and u respectively. Here we
require A\ and p to have the same number of parts, postpending parts equalling 0 to
w if necessary.

Example 3.2.4. The 3-quotient of (4,3,2,2,1) is ((1,1),(0,0),(2)).

o

N =R
*

We are now ready to define the Littlewood k-quotient map.

Definition 3.2.5. Let A/ be the k-quotient of X[ pu. The Littlewood k-quotient
map s a bijection
SSRT,(A/u) = SSYT(A/ )

defined as follows. Fix T € SSRT, (N ). For each i, we put an i into each cell of
the k-quotient of A<;[A<i—1 (which lies inside X[ ). In this fashion, we place positive
integers into the cells of X[, resulting in T = (T(O), TRy e SSYT(A\/p).

Example 3.2.6. In Example 3.2.4, we found that the 3-quotient of X\ = (4,3,2,2,1)
was A = ((1,1),(0,0),(2)). One can compute that

.
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via the Littlewood 3-quotient map. For example, when i = 3, one can compute the
k-quotient of A;[A<i—1 as follows.

Here we have drawn the Maya diagrams of both A<5 and A<y. From this, we see that
that a cell at coordinates (1,1) is added in 7%, and we fill it with a 3.

Extending the Littlewood quotient map to super tableaux

Throughout this subsection, let A= {1 <2< -} and A' = {1' <2' < ---}. Also
fix a total order on A U A’ that is compatible with the natural orders on A and A'.

Definition 3.2.7. A super k-ribbon tableau of shape \[p is a tiling of M\ by
k-ribbons and a labelling of the k-ribbons by the alphabet AU A' such that

1. forie AU A, the ribbons with label < i form a valid skew shape \; [ ji;

2. fori € A, the subtableau of ribbons labelled i form a horizontal k-ribbon strip;
and

3. fori € A', the subtableau of ribbons labelled i’ form a vertical k-ribbon strip.
We let SRT, (N 1) denote the set of super k-ribbon tableau of shape A/ .

Note that a SRT in the alphabet A of shape \/u is the same as a SSRT of shape
A/ . Moreover, there is a bijection between SRT in the alphabet A' of shape \/u
and SSRT of shape \ / ,u', given by conjugation (and unpriming the labels).

The height h(R) of a ribbon R is the number of rows it contains. The spin of a
super ribbon tableau T is

spin(T) = ) (h(R) - 1)
R

where the sum is taken over all ribbons R in 7.
Definition 3.2.8. [38, Definition /4] The super k-ribbon function associated to
a skew partition N[ is the generating function

gil;L(X, Y, t) _ Z tspin(T)xweight(T)yweight (T)
TEeSRT, (A )
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Example 3.2.9. We use the ordering1 <2< ...<1 <2 <...on AUA. Let
k=3 and N\ pu=1(8,7,6,6,6,4,1)/(2). The super ribbon tableau

2

1?%
[ ]

143212121
U 21 To%3Y1Y2Y3Ya

has spin 14 and contributes
k
to gi/L(X;Y;t).

Definition 3.2.10. A semistandard super Young tableau of shape \[u is a
filling of each cell of D(\) with an element of AU A" such that

1. the rows and the columns are weakly increasing,
2. the entries in A are strictly increasing along columns, and

3. the entries in A are strictly increasing along rows.

We let SSSYT(A/ i) denote the set of semistandard super Young tableaux of shape
Ap. Given a tuple X p = AP 5,0 A 108y of skew partitions, a semistan-
dard super Young tableau of shape X[p is a semistandard super Young tableau on
each )\(j)/,u(j), that 1s,

SSSYT(A/p) = SSSYTOAM /1M x - x 8SSYT(AF /).

Note that a SSSYT in the alphabet A of shape A\/u is the same as a SSYT of shape
M/ p. Moreover, there is a bijection between SSSYT in the alphabet A" of shape A/ u
and SSYT of shape \'/4, given by conjugation (and unpriming the labels).

We are now ready to extend the Littlewood k-quotient map.

Definition 3.2.11. The (extended) Littlewood k-quotient map is a bijection
SRT,(\/ 1) = SSSYT(A/ )

where X[ is the k-quotient of N[ u. We simply take Definition 3.2.5 and extend the
set of labels: for each i € AU A', we put an i into each cell of the k-quotient of
AsifAsio1
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Example 3.2.12.

2
12 -
H 3 1
113 117 > 92 2! 31 92
2 3' 1113 [3[1'] |14
1 1] TH
]

The following facts, which we prove in Appendix C, can be useful in computing
the (extended) Littlewood k-quotient map in examples.

Lemma 3.2.13 ([28, Lemma 2.16]). Suppose T' <> T wvia the (extended) Littlewood
k-quotient map.

1. A ribbon in T labelled i corresponds to a cell labelled i in T, so the number of
ribbons in T labelled i equals the number of cells labelled i in T .

2. Two ribbons R, R'in T whose tails u, u' have the same content modulo k cor-
respond to two cells v,v' in the same shape in T'. Moreover, in this case,

c(u) — c(u) '
— = c(v) —c(v).

3.3 Partition functions

In the following definitions, let A/ be a k-tuple of skew partitions, each having p
parts. Recall from Theorem 2.3.3 that the coinversion LLT polynomial Ly, (X,,;t)
is the partition function associated to the lattice

A

Wo (A1)

M

Definition 3.3.1. We define ,Cf/“(Xn;t) to be the partition function associated to
the lattice

A

Py(A/p) -
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Definition 3.3.2. We define the supersymmetric LLT polynomial Ei/“(Xn; Y,.;t)
to be the partition function associated to the lattice

Snm( A1) =

3.4 Identities of supersymmetric LLT
polynomials

In this section, we establish various properties of the partition functions Ei/u
of Definition 3.3.2. These include four properties (summarized in Theorem 3.1.2)
which generalize four properties that uniquely characterize the supersymmetric Schur
polynomials.

Let Plgk) be the set of k-tuples of partitions, each having p parts. Given a non-

negative integer n and \, u € Pzgk), there is a bijection
¥ 1 LO(W, (A ) = LO(Py(N/ 1)),

Explicitly, (C') is obtained from C' by inverting the vertical parts of the paths,
reflecting the lattice over its left edge, changing each color ¢ to color k — i, and
making the vertices purple. For example,

17 T T i
— — — [ —
| | | |

where we have done each step in order (and where blue is color 1 and red is color 2).

Fix A\, u € PIEk). Also fix a sufficiently large number of columns; specifically, the
number of columns must be larger than each band(A /). If A/ is a horizontal strip,
then there is a unique configuration Cy,,, on a single white row with top boundary A,
bottom boundary p, and empty left /right boundaries. Similarly, if X/ is a vertical
strip, then there is a unique configuration on a single purple row with top boundary
A, bottom boundary g, and empty left/right boundaries.
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Lemma 3.4.1 ([28, Lemma 4.1]). There exists a function g : Pp(k) — Zsq so that
Lyjp(x;t) = tg(A)_g(“)Ef,/N,(x;t_l)
for all A, p € P,S’“) such that X|p is a horizontal strip.

Proof. Fix A, u € szk) such that A/p is a horizontal strip. Let C = Cy;,. Note
that C is the unique configuration on a single white row with top boundary A,
bottom boundary p, and empty left /right boundaries. Moreover, ¢ (C') is the unique
configuration on a single purple row with top boundary X', bottom boundary p', and
empty left /right boundaries. Thus

Lxp(x;t) = weight(C') = 2%

L5, (x5 1) = weight (¢ (C)) = 27t

for some non-negative integers a;, 3,7, 6. Note

a = #{(4,7) | the i-th smallest color exits right in the b-th leftmost box in C'}
= #{(7,7) | the i-th largest color exits right in the b-th rightmost box in ¢ (C)} = .

Therefore
Lajuait) = 2" = 7007470 =477 (st 7).
Also note
B+6=4#{(i,7,b) | i< 7, in box b of C color i exits right and color j is present}

+#{(, 5, 0) | i >3, inbox b of (C) color i is vertical and color j exits right}
= #{(4,4,b) | i < 7, in box b of C color i exits right and color j is present}
+ #{(i,7,0) | i < 7, in box b of C color i is absent and color j enters left}

= Z Z 1b is “good” for ¢ and j

b i<j

where we say a box b is “good” for the colors ¢ < j if either color ¢ exits right and
color j is present, or color ¢ is absent and color j enters left. Therefore

G\ P -1
Laju(zst) = "ML (™)
where we have defined

g()‘//'l’) = Z Z ]-b is “good” for i and j-

boxes b colors
of Cxjp <]
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We can recursively define the desired function g by the rule

B g(u) + g(A/p) if there exists p € P(k) — {A} such that A/p is a horizontal strip
g(A) = .
otherwise (i.e. if A = 0)

Provided that g(A) is well-defined (i.e. g(p) + g(A/p) is independent of u) for all
xe P,

Laju(;t) = PN LE (™) = P LR (™)

for all A, u € Plgk) such that A/p is a horizontal strip. To show ¢ is well-defined,
we induct on the number of cells in X. Clearly ¢g(0) = 0 is well-defined. Fix A €

Plgk) — {0} and assume g is well-defined on elements of Pp(k) with strictly fewer boxes

than X. Fix a,, u € szk) — {A} such that A/ and A/ are horizontal strips. There
exist (not necessarily distinct)

B’ =o0,....8 " ' =a,8 =2eP",

1/0=O,...,1/ 1=u,1/r=)\EP]§k)

such that Bi / ,Bi_l and V' / v~ are horizontal strips for all i. Note that each sequence
completely determines a configuration of paths on an X M lattice with top boundary
A and bottom boundary 0, since they determine the state of the paths at every row.

Since the two configurations have the same top and bottom boundary, it is pos-
sible to get from one configuration to the other via corner flips

A straightforward corner flipping argument shows that the quantity

Z Z ]-b is “good” for ¢ and j

i<j

is the same for both configurations. Therefore
G818 ) +g(B T B )+ +5(BTB°) = g [V T+ T T+ (v V),
Applying the inductive hypothesis, we have

B 18T+ 9B = g(B )+ +g(B8") - 9(B”)
=g VT + g ) =g ) + .+ g - (V7).
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The sums telescope to give
GBI +9(B ) = g(B) =g v ) + (") = g(v")
which we can rewrite as
(A a) + g(a) = g(0) = G(A/p) + g(p) — 9(0).
Therefore g(a) + g(A/a) = g(p) + G(A/p). O
Corollary 3.4.2 ([28, Cor. 4.2]). g(\) = g(\)

Proof. We induct on the number of cells in A. Note that ¢(0) = 0 = ¢(0'). Fix
A E Plsk) — {0} and assume g(p) = g(p') for all p € Plgk) with strictly fewer cells
than A. Since XA # 0, there exists p € PISk) that can be obtained by removing
a single cell u from X. We want to show g(A) = ¢g(X'). It is enough to show

g(Ap) = g(A’/“’), since then
g(A) = g(w) + G(A/p) = g(u) + G(N' /i) = g(X).

Let A”) be the partition to which u belongs. Since A/ consists of the single cell
win AY) / ,u(z), every color in every box in Cl,,, is either vertical or absent, with the
exception of the color 7 in two adjacent boxes, which has the form

b b+1

Note that Ciy,y is exactly the configuration ¢(Cy;,) with white in place of purple.
Therefore every color in every box in Cyy, is either vertical or absent, with the
exception of the color i’ = k — 4 in two adjacent boxes, which has the form

-1 0

We have

GA/p) =#{j > i : j is vertical in box b of Cy;,} + #{h < i : h is absent in box b + 1 of Cy,,}
=#{j' < 4 is absent in box b of Cyyw} + #{h,' > i+ h'is vertical in box b' — 1 of Cryw}
=§(X'/n).
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Theorem 3.4.3 ([28, Thm. 4.3]).
S A)- S _
'CA/;L(Xn;Ym;t) = tg( : g(“)‘cA'/N'(Ym;Xn;t 1)
Proof. If X[/ p is a horizontal strip, then by Lemma 3.4.1, we have
A)- P -
Lapu(ait) = "L (s, (3.2)

If A/p is a vertical strip, then by Lemma 3.4.1 (with ¢t~ in place of ¢ and with X'/p'
in place of A/u) and Cor. 3.4.2, we have

Ly (at) = PV ey (et ™. (3.3)

Using (3.2) or (3.3) at each row of our lattice, we have

A

S l/;.
‘C)\/;L(Xn; Ym; t) =

L

M

P P
=Y Ly jamima Ui t) - Lomot jon (Y15 t) Lar jan (23 ) . Lap (@15t

A)- -1 —1\ AP -1 P -1
= tg( ) g(ﬂ)ﬁ)\’ am+n—1'(y7’n; 13 ) s Ean+1' an'(yl; 13 )E n' n—ll(m’ﬂ;t ) L 1! y(xl;t )
/ / a” |a al /u

A)- -1 —1\ AP -1 P -1
:tg()g(mZEx/Bmm—l(ym;t ) Lgnvygn(yist ) Lgnygn-1 (Tt ). Loyt )

A A

ST
A)- " A= Jl. s -
= 19N)=9(k) ,./ = (9X)=9(m) 7/ — C)\r/“r(Ym;Xn;t )

] ;
w Iz

where

e the sums in the second and third lines are over all o’ = ..., = Xsuch
that o'/ o'~ is a horizontal strip for all i < n and a vertical strip for all ¢ > n,

e the sum in the fourth line is over all 3° = p',..., 8™ = X' such that 8'/8""
is a vertical strip for all ¢ < n and a horizontal strip for all + > n, and
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e the second-to-last equality uses repeated applications of Prop. 1.4.6:
Yj T T _
i Yi Yj Y5
O]

The technique used to swap a white row and a purple row at the end of the
previous proof is sometimes called the “train argument” (cf. the proof of Theorem
2.4.1). This technique is used again to prove the following lemma.

Lemma 3.4.4 ([28, Lemma 4.4]). The partition function associated to any lattice
that can be obtained from the lattice S,, ,,(XA[p) (Definition 3.3.2) by permuting the

rows is equal to Ei/M(Xn; Y,.:t). In particular, Ei/M(Xn; Y,,:t) is symmetric in the
X and'Y wariables separately.

Proof. Two rows can be swapped using the train argument along with Prop. 1.4.4
(to swap two white rows), Prop. 1.4.6 (to swap a white row and a purple row), or
Prop. 1.4.7 (to swap two purple rows). O

Next we prove a certain cancellation property for the polynomials ﬁi (X Yis ).

Lemma 3.4.5 (Cancellation). [[28, Lemma 4.5]] For n,m = 1, we have
S s
£)\/p,(Xn—17 T Ym—l7 - t) = E}\/}J,(X’I’L—l; Ym—l; t)

Proof. Using Lemma 3.4.4, we can write

S
E)\/;L(Xn—la T Ym—17 - t) =

We will show that, for all & # A, there is an involution ¢, on the set of configurations
of the lattice

A

O

o
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such that weight(p,(C)) = — weight(C) for all C. Therefore

A A
S =T " n S
L3 (Xer, 13 Vi, =13 ) = m = = L5, (Xoei: Yareiit).

A

Z w

Fix a # X and a configuration C' on Ly 4. Since o # X, there exist two consec-
utive columns ¢ and ¢+ 1 of C' and a color ¢ such that, in columns ¢ and ¢+ 1 of C,

color 7 has the form
" ‘

Let ¢ be the rightmost column for which there exists a color of this form in columns
c and ¢+ 1, and let ¢ be the largest color of this form in columns ¢ and ¢+ 1. We
define ¢, (C') to be the result of flipping color 4 in columns ¢ and ¢ + 1

mcllen]

Clearly ¢, is an involution. To show weight(p,(C)) = — weight(C'), we must show

weight ( :) = — weight ( :) (3.4)

regardless of the paths taken by the other colors. However, by the maximality of ¢
and 7, we know that every color not equal to ¢ must have the form

mx

and every color greater than ¢ must not have the form

With these constraints, some straightforward computations show (3.4) holds. O

Combining Lemmas 3.4.4 and 3.4.5, we can now conclude that the polynomials
cy (XY t) are supersymmetric in the X and Y variables.
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Definition 3.4.6. A family of polynomials {p(X,;Y,,) : n,m € Zso} is supersym-
metric if

e p(0(X,);Y,,) =p(X,;Y,.;t) for any permutation o € S,
(i.e. p(X,;Y,,) is symmetric in the X wvariables),

e p(X,;7(Y,,)) = p(X,;Y,,;t) for any permutation T € S,,
(i.e. p(X,;Y,,) is symmetric in the Y wvariables), and

o p( X175 Y1, —1) = p(Xoo1; Yinor) whenn,m 2 1.

Theorem 3.4.7 ([28, Thm. 4.7]). The polynomials Ei/u(Xn;Ym;t) are supersym-
metric in the X and Y wvariables.

We proceed by proving a certain restriction property for the Ei 1 (X Y t).
Lemma 3.4.8 (Restriction). [28, Lemma 4.8] We have

S S

‘CA/p(Xn—la O; Ym; t) = 'CA/p(Xn—l; Ym; t),
S S

‘C)\/;J,(Xna Ym—1> 07 t) = L)\/;L(Xru Ym—lu t)

Proof. Using Lemma 3.4.4, we can write
A
0 y =
) ’:.
S * A 1
'C}\/;L(Xn—lvo;ym;t) = ow = Z 0 !

It is easy to see that

«

Therefore
A

L3/,( X1, 0; Vs t) = . = L3/,(Xo1; Vi 1) (3.5)
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A similar argument shows that
s s
ﬁ)\/p,(Xn; Ym—h O; t) = £)\/p,(Xn; Ym—l; t)

Alternatively, we can deduce

Ei/u(Xn; Y,,-1,0;t) = tg(}‘)_g(“)ﬁi:/“:(Ym_l, 0; Xn;t_l) (by Theorem 3.4.3)
= 1" L2 (Vs X ) (by (3.5))

= tg(x)_g(“)(t_l)g(Al)_g(“')Ei/u(Xn; Y,u_1;t)  (by Theorem 3.4.3)

= ﬁi/“(Xn; Y,._1;t). (by Cor. 3.4.2)

0

Lemma 3.4.9 (|28, Lemma 4.9]). The polynomial ﬁi/u(Xn;Ym;t) is homogeneous
in the X and Y wariables of degree |X[p| = |A| = || i.e.

Ei/p(an; er; t) = T|A/M|‘C§/u(Xn; Ym; t)

Proof. This follows from the fact that, in any configuration of the lattice

A

the total number of right steps taken by the paths is |\/pu]. O

The factorization property

The goal of this subsection is to prove the following lemma.

Lemma 3.4.10 (Factorization). [[28, Lemma 4.10]] Fiz X € Pp(k). Suppose there

exist T and m such that
AD =+ om0 )

for all v, where s = p—mn. Then

LX(X0i Vi t) = Lo (Xs0) - "Ly (Vi t ™) - [T T i+ ).
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Throughout this subsection, let A, 7, and 1 be as in the above lemma. Moreover,
it is easy to see that the above lemma holds if n = 0 or m = 0, so we will assume
n,m = 1 throughout the rest of this subsection. To prove the above lemma, we need
two smaller lemmas.

Lemma 3.4.11 ([28, Lemma 4.11]). Let X\, 7, and 1 be as in Lemma 3.4.10. Then
the polynomial

Ly (Yot ™) = Ly (Vi)
is a factor of the polynomial L5(X,: Y, t). In fact,
LXK Vi) = Ly (Vi) + Lonar (X Vi )

where (m + T)g-i) =m+ Tj(i) for all i and j.
Lemma 3.4.12 ([28, Lemma 4.12]). Let X, 7, and 0 be as in Lemma 3.4.10. Then
ﬁi(Xn_l,r; Y, -1, —tlr; t)=0
foralll € {0,... k—1}.
Given these two lemmas, let us prove Lemma 3.4.10.

Proof of Lemma 3.4.10. Fix 1 € {0,...,k — 1}. Since
*Ci(Xn—la r Ym—la _tlr; t) =0

by Lemma 3.4.12, we know tl:pn + y,, is a factor of £§(Xn;Ym;t). Thus, since
L£3(X,,:Y,,:t) is symmetric in the X and Y variables separately by Lemma 3.4.4,

n m

l_[ (tl%‘ +y;)

i=1 j=

is a factor of £5(X,;Y,.:t). Since this holds for all [ € {0,...,k — 1},

k-1 n m

l_[ l_[(tl%‘ + ;)

1=0 =1 j=1

is a factor of £3(X,,; Y;n: ). Moreover, since tg(")ﬁn'(Ym; t 'Y is a factor of £3(X,; Y,; 1)
by Lemma 3.4.11, we know
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is a factor of Ei(Xn; Y,,;t). Thus there is a polynomial f(X,,;Y,,;t) such that

k-1 n m
LA(X; Yoit) = f(X Vi t) - 5V Ly (Vi t 1) - [ [zi+y). (36
1=0 =1 j=1
It remains to show f(X,;Y,.;t) = L.(X,,;1).
Combining (3.6) with Lemma 3.4.11, we get
k=1 n m
Lo (X Vs 1) = f(Xp Vi) - [ i +uy). (3.7)
1=0 ‘i=1 j=1

Given a polynomial p(X,,; Y;,;t), let degy (p(X,,; Y5 t)) be its total degree in the Y
variables. Recall Ef,HT(Xn, Y,,;t) is the partition function associated to the lattice
Sp.m(m+7) (Definition 3.3.2). In any configuration of this lattice, a given path can
take at most one step right in a purple row. Thus, since there are m purple rows
and since there are n paths of each of the k£ colors, we have

k— nom
degy (Ei”(Xn; Yoo t)) < mnk = degy (1_1[ 1_[ ﬂ(tlxi + yj)) :

1=0 i=1 j=1

This inequality along with (3.7) implies f(X,,;Y,,;t) = h(X,,;t) for some polynomial
h(X,,;t). It remains to show h(X,;t) = L.(X,;1).
We can rewrite (3.7) as

m+T

: k-1 n m

Y l

) :h(Xn;t)’l | | |(tx+y]
! 1=0 =1 j=1

0

We interpret both sides of the above equation as polynomials in the Y variables. On
the right-hand side, the coefficient of yi™ ... 4" is h(X,;t). A configuration of the
lattice on the left-hand side has a weight of the form p(X,,;t) - y?k .. .yf;f“ for some
polynomial p(X,,;t) if and only if each path of each color takes one right step in each
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purple row. Thus the yqfk . ygf term on the left-hand side is exactly

T m+ T
. Ym

n -
0 T

nk nk
:‘CT(Xn;t) Y1 Ym -

(Here, each path takes one right step in each purple row.) Thus h(X,,;t) = L, (X,;t).
]

We are left to prove Lemmas 3.4.11 and 3.4.12.
Proof of Lemma 3.4.11. Using Theorem 3.4.3 and the fact that ¢g(0) = 0, we have

Ly (Vit) = Lol Vs t) = VLo (Vs it = LVt

Recall Ei(Xn; Y,,;t) is the partition function associated to the lattice S, ,,(A/p).
Any configuration of this lattice must have the form

A

where we have labelled the columns for convenience. Consider the behavior of the
paths starting in columns n and n + 1 in the j-th purple row for some j € [m]. Note
that a path can take at most one step right in a given purple row.
e Since )\ff) =m+ Tff) > m for all i, the paths starting in column n must exit
the m-th purple row weakly right of column n —m, so they must exit the j-th
purple row weakly right of column n — j.

e Since the paths starting in column n + 1 enter the first purple row in column
n + 1, they must exit the j-th purple row weakly left of column n + 1 — j.
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This argument shows that the remainder of the paths starting in columns n+1,...,p
and the remainder of the paths starting in columns 1,...,n can be chosen indepen-
dently of each other, and that the weight of the overall configuration is the weight of
the configuration consisting of the paths starting in columns n + 1,...,p times the
weight of the configuration consisting of the paths starting in columns 1,...,n. It

follows that

LX(X; Vnit) =

where, for a set S = {s; <...<s;} €{1,...,p}, we define
A= (A A with AY = A%, a8,

Since An41,.. 53 = M, the first factor is exactly

n
Ym
; n
n Ym P
| - = £y (%,0i0).
hn
0
y. +1 n—=1 N 2 1
0
Since Ay, 3 = m + 7, the second factor is exactly
m+ T m+T
)
% :
= " = L5 (X Vi t)
- - ~m+T ny +ms .
Ty
I
[ 7
P +1 n=1 2 1
0 0
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Proof of Lemma 3.4.12. By Lemma 3.4.4, £§(Xn_1,r; Y1, —t'r; t) is the partition
function associated to the lattice

where we have labelled the columns for convenience. In a configuration, if there
exists a color ¢ such that the path of color ¢ starting in column 1 goes vertically in
the bottom two rows, then color ¢ must have the form

e

A path can take at most one step right in a given purple row, so the path of color 7
starting in column n can make at most m—1 total steps right in the lattice. However,
since )\S V= m+ r,i” > m, the path of color ¢ starting in column n must make at
least m total steps right in the lattice. This is a contradiction, which means that in

any configuration, every path starting in column 1 must make at least one step right
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somewhere in the bottom two rows. Therefore

A

Ym-1
Y1

Ei/H(Xn—17 r Ym—l, —tlr; t) — T

where the sum is over all a such that agi) > 0 for all i. We will show that, for all

such «, there is an involution ¢, on the set of configurations of the lattice

such that weight(p,(C)) = — weight(C') for all C. Therefore
£i/p,(Xn—17 T Ym—17 - t) = 0.

Fix a with agi) > 0 for all ¢ and fix a configuration C' on the lattice L,. We again
label the columns for convenience as follows.

(81
—tlr
,
I 6 0o

Given a color 7, let ¢; be the column in which the path of color 7 starting in column
1 exits the lattice through the top. Since every path starting in column 1 must make
at least one step right, ¢; < 0 for all i. We define an ordering < on the colors by

i<jec>c; ORc¢ =cjandi<j.

Let ¢ be the (I + 1)-th largest color in this ordering (so that [ = #{j : ¢ < j}). In
columns ¢; + 1 and ¢; of C, color i has the form
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where we have labelled the boxes for convenience. We define ¢, (C') to be the result
of flipping color 7 in columns ¢; + 1 and ¢;

Clearly ¢, is an involution. To show weight(¢,(C)) = — weight(C'), we must show

Weight( _tlr | | = — weight - s (3.8)
| -u ( )

regardless of the paths taken by the other colors. Compared to the configuration
with color ¢ absent, the presence of color ¢ in the form

contributes —t'r - t* to the overall weight, where
a = #{j >i:jis vertical in box 2} + #{j < i : j exits right in box 3}.

Compared to the configuration with color ¢ absent, the presence of color ¢ in the form

contributes r - t” to the overall weight, where

b=#{j >i:jappears in box 3} + #{j < i : j exits right in box 1}
+ #{j <1 : 7 exits right in box 3} + #{j < i : j exits right in box 4}.

It is easy to see that

b—a=#{j >i:j appears in box 3} — #{j > i : j is vertical in box 2}
+ #{j <1 :j exits right in box 1 + #{j <4 : j exits right in box 4}
=H#{j>itczg+#{i<iice >}
=#{j:Jj>i}
= 1.
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Therefore
Weight( i . )
r O o] l a
. _ tr-t S N
! o o " tb
Thus (3.8) holds. O

Swapping single rows

In this subsection, we prove an identity of the supersymmetric LLT polynomials
in the case p = 0 and p = 1. Asin Section 2.5, we can view A as a (weak) composition
A, and for any composition v = (vy,...,1;), we define

Inv(v) = #{a<b:v, > 1}

Taking m = 0 in the following proposition, we recover Prop. 2.5.5; in fact, these two
propositions are proven in nearly identical ways.

Proposition 3.4.13 (28, Prop. 4.13]). Let A € Pl(k). Ifve Pl(k) is a rearrangement
of A\, then
LXK Vi) = £ LX),

Proof. 1t is enough to show that, given 7 € [k — 1],

where A\y =+« 2\, > \;;; = -+ 2 )\, and

Aj J#FGLI+HL
vy = Ais1 J =1
by Jg=1+1

We will let blue be color i and red be color ¢ + 1. We will now define a bijection
p s LC(Spm(A)) = LC(Sym(v)).

Fix a configuration C' € S, ,,(A). Since A; > A1, the column in which color i
exits the lattice is strictly right of the column in which color ¢ + 1 exits the lattice.
Therefore, since color i and color ¢ + 1 enter the lattice in the same column, C' must
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have a row in which color ¢ enters weakly left and exits strictly right of color ¢ + 1.
Thus C must have a vertex of the form

Hor .

Consider the NE-most vertex V' of this form. Swap color ¢ and color ¢ + 1 in every
vertex NE of V. For example:

&H&

The result is a configuration p(C) € LC(S,,,,(v)). It’s clear that p is a bijection.
We will now compare weight(C') with weight(p(C)). There are four types of vertices
to consider.

and

1. For the vertex V itself, the effect of applying p is

He Lor.H..

In either case, it is easy to see that the weight before applying p is ¢t times the
weight after applying p.

2. For any vertex not NE of V| p does not change the configuration, so the weight
is not changed.

3. For any vertex NE of V' in which either color 7 or color ¢ + 1 is absent, p swaps
color ¢ and color 7 + 1, but the weight is not changed.

4. For any vertex NE of V' in which both color ¢ and color 7 + 1 are present, this

vertex must have the form
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Applying p swaps color 7 and color i + 1, resulting in

It is easy to see that the weight is not changed.

Therefore
weight(C') = t - weight(p(C))

and the proposition follows. O

3.5 Relating £%to G

The goal of this section is to relate the partition function Ei /. Of Definition 3.3.2

to the super ribbon function gﬁ’jL of Definition 3.2.8. In [23] the authors construct a
lattice model whose partition function is equal to the spin LLT polynomials. Lemma
3.5.6 below, which relates our vertex model to the spin LLT polynomial, can also be
interpreted as a mapping between our vertex model and the one in [23] (see Remark
3.5.7).

Fix a positive integer k. Let X/u be the k-quotient of \/u. Let A = {1 < 2 <
wv<nland A = {1' < 2' < -+ < m'}. We use the ordering 1 <2< ...<n<1 <
2 <...<monAuA.

We begin by constructing a bijection

SSSYT(A/p) = LO(S,m(A/p)).

We do this in the usual way in which each row of i-th tableaux maps to a path of
color i. Precisely, given T' = (T(l),...,T(k)) € SSSYT(A/p), the corresponding
C € LC(S,m(A/p)) is constructed as follows. Fix a row

cc+l-c+j5—-1

T Jefef 1] 7

in 7. (Here we have labelled the diagonal content lines going through the row.) The
corresponding path in C' has color 7, enters the lattice via the bottom of column ¢,
exits the lattice via the top of column ¢ + 7, and crosses from column ¢+ 1 — 1 to

column ¢ + [ at
{ the a-th white row ife, =a € A

the a-th purple row ife; =a € A
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for each index [ € [j]. Recall that the Littlewood k-quotient map is a bijection
SRT,(A/p) = SSSYT(A/ ).
The composition of these two bijections gives a bijection
02 SRTL (A1) = LO(S,m(A ).

Example 3.5.1. Letn =3, m =4, and k = 3. Recall Example 3.2.12.

2
12
H 3 T

1 3 1I7 > 2 2! 31 7
2 3 L1s (30 [1]4]
1 1] TH

]

The corresponding configuration is

Ya
Ys

Yo

Y

T3

—
T2

T

-

where blue 1s color 1, green s color 2, and red is color 3.

Remark 3.5.2. The bijection SSSYT(X/p) = LC (S, n(A/p)) becomes a bijection
SSYT(A/p) = LC(W,(A/p)).
when m = 0. This bigection was used in Chapter 2 to prove Theorem 2.3.5.

Remark 3.5.3. The bijection 0 restricts to bijections

HRS, (A 1) = LO(W1(A/ ), VRS (A1) = LC(Pi(A/ 1))

by labelling each ribbon in a horizontal (vertical) k-ribbon strip with a 1 (1').
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For the rest of this section, we switch to drawing our Young diagrams in Russian
convention, so rows are oriented SW-to-NE and columns are oriented SE-to-NW.
The reason for this switch is to allow for an elegant graphical interpretation of 6.
Let T € SRT\(A/p) and let C' = 0(T') € LC(S,,,n(A/p)). By the construction of 6,
we note that

1. for each 7 € A, the horizontal ribbon strip A.;/A;_; of ribbons labelled 7 in T
corresponds to the i-th white row in C'; and

2. for each i € .A', the vertical ribbon strip A.;/A<;_; of ribbons labelled iinT
corresponds to the i-th purple row in C.

Given a horizontal (vertical) ribbon strip inside 7', we “drop down” the Maya dia-
grams of the top and bottom boundaries to obtain the top and bottom boundaries
of the corresponding white (purple) row in C'. Moreover, the top and bottom bound-
aries of the row uniquely determine the path configuration of the row.

Example 3.5.4. Take k = 3. Let blue be color 1, green be color 2, and red be color 3.
Consider the following horizontal 3-ribbon strip of shape (6,6,3,0,0,0)/(0,0,0,0,0,0).

We now color the steps on the top and bottom boundaries, from left to right. A
South-FEast step in position ¢ mod k gets color 1. North-FEast steps are not colored.

N

We now “drop down” the steps on the top and bottom boundaries of the horizontal
3-ribbon strip to obtain the top and bottom boundaries of the corresponding white
row. The steps in positions (j — 1)k + 1,...,(j — 1)k + k correspond to the j-th
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leftmost vertex. A step of color i corresponds to a particle of color i, indicating that
a path of color i is incident at the edge.

With these top and bottom boundary conditions (and requiring that no paths be inci-
dent at the left and right edges of the row), there is a unique path configuration.

Remark 3.5.5. We leave it as an exercise for the reader to verify that our graphical
interpretation of 0 is correct (see Lemma 3.2.13). We also leave it as an exercise for
the reader to check that the diagram

conjugate

HRS, (V) <229 VRS, (/1)

I |
LO(Wy(A/p)) —— LC(P(N /1))

commutes. Here 1 is the bijection defined at the beginning of Section 3.4. (This
result is not needed in the rest of this chapter.)

In order to relate Ei /O QE\’;L, we must consider how the spin

spin(T) = > (A(R)-1)
ribbons R in T'

of a horizontal (vertical) ribbon strip T appears in the corresponding path config-
uration 6(T") of a single white (purple) row. Clearly spin(7) equals the number of
positions that the tile
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N
v

(two cells in the same column and ribbon) can be placed in T'. For example, if T" is

&

there are 4 such positions - cells 1 and 2, cells 2 and 3, cells 4 and 5, and cells 8 and
9 - and indeed the spin is 4. We can count these positions according to the “slice”
containing the middle of each tile. In our example, the slices are given by

1234567809

so slices 2, 3, 4, and 6 each contribute 1 to the spin and the other slices do not
contribute to the spin. In each slice, there are only four shapes that can appear.

1. a column parallelogram (two adjacent halves of cells in the same column and
ribbon)

2. a row parallelogram (two adjacent halves of cells in the same row and ribbon)
3. a head triangle (half of the head of a ribbon)

4. a tail triangle (half of the tail of a ribbon)

N
1.\ 2./ 3.> 4.<
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(Of course, a slice could also consist of a single SE step or a single NE step.) Any
other shapes cannot appear in a slice, because if it did, the ribbon containing the
shape would either contain a 2X 2 square or not be a valid skew shape. It is clear that
the contribution of a slice to the spin equals the number of column parallelograms
in the slice.

In the following two lemmas, we use the above discussion to characterize the spin
in terms of #(T), when T is a horizontal /vertical ribbon strip.

Lemma 3.5.6 ([28, Lemma 5.6]). Let T' be a horizontal k-ribbon strip. In the
corresponding white row 6(T),

spin(T):aZb He P Sy | L).

Proof. The fact that T" is a horizontal ribbon strip restricts the possible forms of the
slices.

1. If a head triangle appears, it must be at the bottom of the slice. This is because
the head of a ribbon must touch the SE boundary.

2. If a tail triangle appears, it must be at the top of the slice. Suppose the tail
triangle of ribbon R appears below a shape in ribbon S in slice ¢. Then, in all
slices in which both R and S appear, S is above R. As every ribbon has length
k, R appears in slices i,...,7 + k and S appears in slices 1 — j,...,1 —j + k
for some j € {0,...,k}. In particular, in slice i — j + k, the head triangle of S
appears above R, which contradicts the first restriction.

With these restrictions in mind, one can show that each slice must have one of the
following five forms:

24F

Here : indicates arbitrarily many (possibly 0) copies of the shape, and South-East
steps on the top/bottom boundaries are colored as in our graphical interpretation of
6 (see Example 3.5.4).
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Remark 3.5.7. The five types of slices we draw here are in bijection with the five
types of allowed vertices given in [23, Figure 14]. To see this, suppose we are looking
at a slice whose top and bottom boundaries correspond to color a. Then we can map
it to a vertez of the form given in [23] by assigning arrows to the edges of the vertex
according to the following rules:

1. If the top boundary of the slice is a NE (SE) step then the top edge of the vertex
gets a down (up) arrow. Similarly for the bottom boundary of the slice.

2. If the slice contains a head triangle, assign a left arrow to the k-th eastern
horizontal edge. If the slice contains a tail triangle, assign a left arrow to the
1st western horizontal edge.

3. If a ribbon whose head is in a slice of color b passes through the slice, then
assign left arrows to the the (b+ k —a mod k)-th eastern horizontal edge and
the ((b+ k —a mod k) + 1)-th western horizontal edge.

4. Otherwise assign right arrows to the horizontal edges.

o . . head triangl I parellel , ,
Assigning each slice a weight of x "< frianglesy#col. pareliclograms koo this a weight-

preserving bijection. Through the bijection 0 defined above, the rest of this proof can
be seen as giving a weight-preserving bijection between our vertexr model and that of

We claim that there is a one-to-one correspondence between the five possible

forms of a slice in T" and the five possible path configurations of the corresponding
color in the corresponding white vertex in 6(7).

Hl & W1 H2 & W2 H3 e W3 H4 & W4 H5 & W5

The correspondence is obvious for H3, H4, and H5 from the top/bottom boundary
conditions. Moreover, from the top/bottom boundary conditions, slices of the form
H1 or H2 correspond to path configurations of the form W1 or W2. To show the
correspondence for H1 and H2, we will show that a slice of the form H2 always gives
a configuration of the form W2 and vice versa.

e Suppose slice i has the form H2. It contains the head triangle of a ribbon, so
slice ¢ — k will contain the tail triangle of this ribbon. This slice then must
have the form H2 or H4. If slice ¢« — k£ has the form H2, then we can repeat
this argument to show that slice ¢ — 2k has the form H2 or H4. Since there
are finitely many ribbons, eventually we find that slice ¢+ — jk has the form H4,
for some positive integer j, and slices ¢ — (j — 1)k, ...,7 — k, 7 have the form
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H2. Since slice ¢ — jk has the form H4, the corresponding path configuration
has the form W4, in which the path exits right. Thus the path configuration
corresponding to slice ¢ — (j — 1)k must have the path entering left, so it must
have the form W2, in which the path exits right. Repeating, we conclude the
path configuration corresponding to slice ¢ has the form W2.

e Suppose slice ¢ corresponds to a path configuration of the form W2. We know
a path enters the slice from the left, so slice © — k must correspond to a path
configuration in which the path exits right. This path configuration then must
have the form W2 or W4. If slice ¢ — k corresponds to a path configuration
of the form W2, then we can repeat this argument to show that slice ¢ — 2k
corresponds to a path configuration of the form W2 or W4. Since there are
finitely many vertices, eventually we find that slice i — jk corresponds to a path
configuration of the form W4 and slices i — (j — 1)k, ...,i — k, i correspond to
path configurations of the form W2, for some positive integer j. Since slice i—jk
corresponds to a path configuration of the form W4, it must have the form H4,
so it contains the tail triangle of a ribbon. We see that slice i — (j—1)k contains
the head triangle of this ribbon, so this slice has the form H2. It follows that
slice i — (j — 1)k also contains the tail triangle of a ribbon. Repeating, we
conclude slice ¢ has the form H2.

Recall that slice 7 = (j — 1)k + a in T corresponds to color a in the j-th leftmost
vertex V in #(T). The contribution of this slice to spin(7') equals the number of
column parallelograms in the slice. Looking at the five possible forms of a slice, we
see that this equals zero if slice ¢ has the form H1, which is equivalent to color a
being absent in V. Otherwise, it equals the number of ribbons R that appear in slice
i but whose head/tail triangles do not.

Let R be such a ribbon, and let slice s be the slice that contains the tail triangle of
R. Since slice i contains a column parallelogram of R but not the head/tail triangle
of R, we have s < i < s+ k. Let b € [k] be such that b = s mod k, and note that
b # a. If b < a, then the tail triangle of R appears in slice (j — 1)k + b, so slice
(7 = 1)k + b has the form H2 or H4, so the path configuration of color b in V" has the
form W2 or W4, so color b exits V' to the right. If b > a, then the head triangle of
R appears in slice (j — 1)k + b, so slice (j — 1)k + b has the form H2 or H5, so the
path configuration of color b in V' has the form W2 or W5, so color b enters V' from
the left.
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We can now conclude

Spln(T) = Z Z 1a appears in V' ° (Z 1b exits V to the right + z ]-b enters V' from the left)
V a

b<a b>a

S 32
=az<b(#: + # :+#ﬁ + 4 L).

]

Lemma 3.5.8 ([28, Lemma 5.8]). Let T be a vertical k-ribbon strip. In the corre-
sponding purple row 6(T),

st ¥ N R
a<b

Proof. We follow the same ideas as in the proof of the previous lemma. The fact
that T is a vertical ribbon strip restricts the possible forms of the slices.

1. If a tail triangle appears, it must be at the bottom of the slice. This is because
the tail of a ribbon must touch the SW boundary.

2. If a head triangle appears, it must be at the top of the slice. Suppose the head
triangle of ribbon R appears below a shape in ribbon S in slice ¢. Then, in all
slices in which both R and S appear, S is above R. As every ribbon has length
k, R appears in slices ¢ — k,...,7 and S appears in slices ¢ — j,...,i — 7 + k for
some j € {0,...,k}. In particular, in slice 7 — j, the tail triangle of S appears
above R, which contradicts the first restriction.

With these restrictions in mind, we see that each slice must have one of the following
five forms:

;o
< UK

V1 V2 V3 V4

4
/
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We claim that there is a one-to-one correspondence between the five possible
forms of a slice in 7" and the five possible path configurations of the corresponding
color in the corresponding purple vertex in 6(7).

v1<—»llP1 V2<—>P2 V3<—>.P3 V4<—>P4 V5<—>P5

The correspondence is obvious for V3, V4, and V5 from the top/bottom boundary
conditions. Moreover, from the top/bottom boundary conditions, slices of the form
V1 or V2 correspond to path configurations of the form P1 or P2. To show the
correspondence for V1 and V2, we will show that a slice of the form V2 always gives
a configuration of the form P2 and vice versa.

e Suppose slice ¢ has the form V2. It contains the tail triangle of a ribbon, so
slice © + k will contain the head triangle of this ribbon. This slice then must
have the form V2 or V5. If slice ¢ + k£ has the form V2, then we can repeat
this argument to show that slice ¢ + 2k has the form V2 or V5. Since there
are finitely many ribbons, eventually we find that slice ¢ + jk has the form V5,
for some positive integer 7, and slices 4,7 + k,...,i + (j — 1)k have the form
V2. Since slice ¢ + jk has the form V5, the corresponding path configuration
has the form P5, in which the path enters left. Thus the path configuration
corresponding to slice 7 + (j — 1)k must have the path exiting right, so it must
have the form P2, in which the path exits right. Repeating, we conclude the
path configuration corresponding to slice ¢ has the form P2.

e Suppose slice ¢ corresponds to a path configuration of the form P2. We know
a path exits the slice to the right, so slice ¢ + k must correspond to a path
configuration in which the path enters left. This path configuration then must
have the form P2 or P5. If slice ¢ + k corresponds to a path configuration
of the form P2, then we can repeat this argument to show that slice ¢ + 2k
corresponds to a path configuration of the form P2 or P5. Since there are
finitely many vertices, eventually we find that slice ¢ + jk corresponds to a
path configuration of the form P5 and slices i,i+k,...,i+ (j — 1)k correspond
to path configurations of the form P2, for some positive integer j. Since slice
1+ jk corresponds to a path configuration of the form P5, it must have the form
V5, so it contains the head triangle of a ribbon. We see that slice i + (j — 1)k
contains the tail triangle of this ribbon, so this slice has the form V2. It follows
that slice i + (j — 1)k also contains the head triangle of a ribbon. Repeating,
we conclude slice ¢ has the form V2.
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Recall that slice i = (j — 1)k + a in T corresponds to color a in the j-th leftmost
vertex V in #(T). The contribution of this slice to spin(7') equals the number of
column parallelograms in the slice. Looking at the five possible forms of a slice, we
see that this equals zero unless slice ¢ has the form V1, which is equivalent to the
path configuration of color a having form P1 in V| that is, color a being vertical in
V. In that case, the contribution to the spin equals the number of ribbons R that
appear in slice ¢ but whose head/tail triangles do not.

Let R be such a ribbon, and let slice s be the slice that contains the head triangle
of R. Since slice 7 contains a column parallelogram of R but not the head/tail triangle
of R, we have s — k < i < s. Let b € [k] be such that b = s mod k, and note that
b # a. If b < a, then the tail triangle of R appears in slice (j — 1)k + b, so slice
(7 = 1)k + b has the form V2 or V4, so the path configuration of color b in V" has the
form P2 or P4, so color b exits V' to the right. If b > a, then the head triangle of R
appears in slice (7 — 1)k + b, so slice (j — 1)k + b has the form V2 or V5, so the path
configuration of color b in V' has the form P2 or P5, so color b enters V' from the left.

From this we conclude

Spln(T) = Z Z ]-a is vertical in V' ° (Z ]-b exits V' to the right + Z ]-b enters V' from the 1eft>

V a b<a b>a
a<b

R )
ot B B )

where V' varies over the vertices in #(T") and a and b vary over the colors. O]
Using the previous two lemmas, we are now ready to relate Li /u tO QE\I;L

Proposition 3.5.9 ([28, Prop. 5.9]). Let A/ be the k-quotient of A/ . Then
L3 (X Yos 1) = 1963 (3, Y, £117)

for some half-integer O € %Z. In fact, in any configuration of the lattice S, ,,(A[p),

il B § § S

(3.9)
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Proof. Recall the bijection 6 : SRT(A/p) = LC(S,m(A/p)). It is enough to show

L spin wei weight'
weight(6(T')) = Pz son(T) ght(T)y ght'(T)

for all T € SRT,(\/u), for some half-integer O that does not depend on T. Fix a
super ribbon tableaux T' € SRT(A/p) and let C' = 6(T") € LC(S,,,n(A/p)) be the
corresponding path configuration. It is clear that the X weights (Y weights) match,
since each ribbon labelled a € A (a' € A’) in T corresponds to a path taking a step
right in the a-th white (purple) row of C. We are left to consider the powers of ¢.
From the previous two lemmas, we see that

spin(T) = Z(#* + # 4+# + # L)

a<b

(#I+#I*#I*#I)
a<b

:z(g. RN )

a<b

(#I+#I+#I+#I)
a<b

= 2 coinv(C) — Z( - )

a<b

T T
a<b
where
coinv(C) = Z (# —t+ # L) and coinv' (C) = Z (#. + #.)
a<b a<b

are the powers of ¢ coming from the white and purple vertices in C', respectively.
Thus

1
3 spin(7') + O = coinv(C) + coinv' (C)

where O is the quantity (3.9). A corner flipping argument shows that O is indepen-
dent of the configuration C', and the result follows. O
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3.6 Cauchy identity

As was shown in Theorem 2.6.1, as well as in [1, 38, 22|, the LLT polynomials
satisfy a Cauchy identity. We would like to prove a similar theorem for the super-
symmetric LLT polynomials. Just as we did to prove Theorem 2.6.1, we will proceed
in the style of [53]. It will be useful to define Pl(fl)Q, for 0 < [;,1l, < 00, to be the set
of k-tuples of partitions with [; parts whose largest part is less than or equal to ls.

Single rows

In order to construct our Cauchy identity, we will employ infinitely long rows
of vertices. For the white and purple vertices, it is relatively easy to define a row
of infinite length. We start by defining the following finite length rows, where the
allowed states on the top and bottom boundaries are indexed by partitions Pl(llfl)Q.
Pictorially these are given by

i i

— [ - — [y - — 1l - —ly -

Each row has length [ + [, and we explicitly mark the zero content line. We can
increase [; by extending the partitions indexing the boundary states with zero parts;
similarly we can increase [, by adding empty faces to the right. Note that increasing

[, adds faces of the form
3RE

on the left, while increasing [, adds faces of the form

Lo

on the right; since these vertices have weight 1, increasing /; and [, does not change
the weight of the row. In fact, we may take [, [, = 00 and allow the boundary states
to be indexed by partitions with infinitely many parts as long as only finitely many
parts are non-zero.

For the gray and pink vertices, we must be slightly more careful. Note that

- B B -
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For the gray faces, we consider a row of finite length, such that the allowed states
on the bottom are indexed by partitions in Pl(fl)y and the allowed states on the top

are indexed by partitions in Pz(lk-)ug- We draw this as

— 1 - — [y >

The boundary condition on the right allows us to increase [, by adding faces where
every path is horizontal without changing the weight of the row. However, increasing
l; by adding zero parts to the partitions does affect the weight since faces where all
the paths are vertical have a non-trivial contribution due to the change of variable.

For the pink faces, we consider a row of finite length, such that the allowed states

on the bottom are indexed by partitions in PZ(IITZ)Q, and the allowed states on the top

are indexed by partitions in ]31(11?1,12-1- We draw this as

+ %

— 1 - — [y >

In this case, we can increase [; by adding zero parts to the partitions without changing
the weight of the row, as this amounts to adding faces on the left where every color
is a cross. However, increasing l, by adding empty faces on the right does affect the
weight. We will see later that the contribution to the weight coming from increasing
[y in the case of the gray faces, and the contribution to the weight coming from
increasing [, in the case of the pink faces, cancels out in the Cauchy identity, allowing
us to circumvent this issue.

Remark 3.6.1. Suppose the bottom boundary of a row is indexed by p while the
top boundary is indexed by A. Recall from Section 1.3 that, for the white faces, in
order for the row to have a non-zero weight, A must be obtained from p by adding
a horizontal strip. Similarly, for the purple faces, A must be obtained from p by
adding a vertical strip. For the gray faces, X must be obtained from p by removing
a horizontal strip. For the pink faces, X must be obtained from p by removing a
vertical strip.

Some partition functions

Here we will construct certain lattice models, using the single rows above, whose
partition functions will be used in our Cauchy identities. In what follows, we will
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always consider our partitions A and p to be k-tuples of partitions, each with a
infinitely many parts, only finitely many of which are non-zero. We will truncate the
partitions, removing only zero parts, to limit the number of parts as needed.

Given A and p, choose positive integers [, [, such that each partition has at most
[ non-zero parts and largest part at most l,. Truncate A and p so that they are in

Pl(lkl)2 Recall from Section 3.3 that for the white faces we have

Laju(Xpit) = i i
7 7

and for the purple faces we have

‘Cf/,u(Xm; t) =

) »He ) >

where both are independent of the choice of [; and l,. In particular, the limit as
l{,ly — oo of these partition functions is well-defined.

For the gray faces, fix the number of variables m. This time, given A and p,
choose positive integers [y, s such that each partition of A has < [; non-zero parts,

each partition of g has < [; — m non-zero parts, and each partition of both tuples
(k)

1—myla”

has largest part < l,. Truncate the partitions so that A € Pl(llfl)Q and pu € P,
Define

m

Tm

E;/M(Xma t) =

Ty

-1 - <y -
We have the following proposition.

Proposition 3.6.2 (28, Prop. 6.2]). We have
* -m m —m-1)(*
LX) = (o) TR (@ G )

where d(X\, i) and Ly, are independent of ly,ly. Furthermore, d(X, p) is given by

.. a . b . .. a . b .
A ) =y #{i gl =5 > i =iy =Y #,GINT — 5> A - i),

a<b a<b
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The proof is essentially identical to that of Prop. 2.6.11, for which this is a slight
generalization. (We can recover Prop. 2.6.11 by taking g = 0 and [; = m = n.) Note
that £* is independent of I, and we may take I, — 00.

For the pink faces, again fix the number of variables m. Given A and p, choose
positive integers [y, [, such that the number of non-zero parts of each partition of

both tuples is < [y, the largest part of every partition in X is < [y, and the largest
(k)

part of every partition in g is < Iy —m. Truncate the partitions so that A € B ,

and p € f Define

li+mylo—m-

(L) Xmit) = 3

Lol oo

We would like to be able to write (EP)* in terms of £°. In order to do so we will
prove a series of lemmas. Recall the definition of the complement of a k-tuple of
partitions from Definition 2.6.3 (and note the slight change in notation).

Lemma 3.6.3 ([28, Lemma 6.3]). Fiz A € Pl(lkl)2 and p € Pl(f:l)g—m' Let o € Pl(llfl)Q be
the tuple of partitions one gets by adding m to every part of every partition in p.
Then P dp(\u) P

Lo X t) =t Ly ae (X3 1)
where complements are taken in an l; X1y box and dp(X, ) = d(\, u) is independent
of Iy, 1.

Proof. There is a bijection between configurations with bottom boundary A and top
boundary fi and configurations with bottom boundary f° and top boundary A°,
given by rotating 180 degrees and reversing the order of the colors. For example,
with

A=((2,1,0),(1,1,1)), p=((1,0,0),(1,1,0)), h=m =3, l =4
we have A° = ((3,3,3),(4,3,2)), g = ((4,3,3),(4,4,3)), p° = ((1,0,0),(1,1,0)).

For a particular configuration we would map

1z A
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It is easy to show that under this bijection the x weight does not change, up to
switching x; and x,,_;+1, as horizontal steps in row ¢ become horizontal steps in row
m — 1+ 1. A corner flipping argument shows that the difference in the power of ¢
before and after the mapping does not depend on the configuration (see for example
the proof of Lemma 2.6.7). This shows that

P dp(A, P dp(A, P
£ﬂ/A(Xm,t) =1 P u)ﬁAc/ﬂc(xm, e ,xl;t) =1 P H),CAC/[LC(XW“t)

where the last equality uses the symmetry of £". Note that increasing [; by adding
zero parts to A and parts of size m to g does not change the power of ¢ on either
side of the bijection as this only adds paths that staircase (i.e. take one step right
in each row). Similarly increasing l, by adding empty columns does not effect the
power of ¢ on either side. Thus dp(, i) is independent of [; and l,. As shown in
the next lemma, dp(X, ) = d(\, ). O

Lemma 3.6.4 (28, Lemma 6.4]). Let X, u be as in the previous lemma. Then

dp(A ) =Y #{i gl =5 > p” =iy =y i gIN - > A7 =),

a<b a<b

Proof. First let’s assume that g = 0 and k£ = 2. In this case, every part in 1 equals
m. We can calculate dp(\, p) using any choice of configuration. We will pick the
configuration 7' of g1/ such all the paths are as low as possible. In this case, each
path will begin as a staircase going right until it reaches the column in which it ends,
and will then travel vertically to its endpoint. Consider a single path of the first
color (blue) corresponding to the j-th row of the skew shape. For it to contribute a
power of ¢ a path of the second color (red) must travel vertically in a face in which
the blue path exits right. Suppose we have such a red path, corresponding to the
i-th row. As a path travels vertically only in the column in which it ends, the blue
path must end to the right of the red path, i.e. j < . Further, in order for the red
path to cross the blue path while traveling vertically its staircase must be weakly
below the blue staircase, so the blue path must start weakly left of the red path, i.e.

/\5-1) -J =< /\1(2) — 1. We see that
. _ c (D) . (2 _ .
coinv (1) = #{j <i|\; " —j < N\~ —i}

where coinv'(T) is the power of ¢ in the configuration 7.

Using our mapping, the configuration T gets mapped to a configuration T of
A°/ ¢ in which all the paths are as high as possible. In this case, the paths all begin
travelling vertically and then staircase to their endpoint. Similar reasoning shows
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that for the j-th blue path to exit right while the i-th red path is vertical, the blue
path must begin weakly left of the red path, and the blue path must end to the right
of red path. This gives

coinv'(T") =445 2 i|(A)]” = j > ()7 =)
T 2) .
=#{y 22|)\§-)—j >>\E)—z}.
From this we find
TN ) B 2) . TGO 2) .
dp(X,0) =#(j <ilA” = j = A =i} = {5 2 ilNY =5 > X7 = 4)
. 4 (1) . (2) . . 4 (1) . (2) .
=#{j < i\, =g = N7 =i+ #{G <N -5 >N =i}
. 4 (1) . (2) . . .4 (1) . (2) .
—#{j <N =g >N =iy =gzl -G > N — )
. . .oaa (D) . (2) .
=#{j <i} =30, JIN -7 > N7 -}
Noting that #{z’,jl,ug-l) -5 > uz(?) — i} = #{j < i} when p = 0, we get the result in
the case u = 0 and k£ = 2. Summing over all pairs of colors a < b gives the result in
the case u = 0 and k general.
To prove the general case, let A and g be as in the statement of the lemma.

Consider a lattice with n +m rows. Let v = 0, so that every part of U equals n + m.
From the above calculation we know that

dp(X,0) =Y #{j<it =y #{i. N7 —j> A" -},
a<b a<b

This can be calculated using any configuration of A/&. Let us choose a configuration
such that the top boundary of the m-th row is given by f@i. Then the contribution to
the change in power of ¢ from the rows above the m-th row is given by

~ . . . .y ~(a . ~(b .
dp(,0) = Y #{j <i} =y #{igli" —j> i -}
a<b a<b

while the contribution from the m-th row and below is given by dp(X\, ). Since the
contribution from the two pieces must equal the overall change in power of ¢, we see
that

dp(X, p) =dp(X,0) — dp(f2,0)
. g ~(a . ~(b . .. a . b .
=3 #lngli =g > 1 =iy =3 #IN7 -5 > A0 =)

a<b a<b
. . (a) . (b) . .y (a) . (b) .
=Z#{2,J|uj —J > —z}—Z#{Z,JIAj —j>N —i}
a<b a<b

as desired. n
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Lemma 3.6.5 ([28, Lemma 6.5]). Let X\, u,m, 1,1, be as in the Lemma 3.6.3. Then

. +
i o = (2. .xm)k(ll+l2)td1’(}"“)£§cmc(X,;l; t).

Proof. We start with Lemma 3.6.3. To change from purple faces to pink faces for
each i € [m], we take z; — xi and multiply every face in the i-th row by zF. This
gives the desired equation. O]

Lemma 3.6.6 ([28, Lemma 6.6]). Let A, pu,m,ly,ly be as in the previous lemma,

except now consider p as an element of ‘Pl(lli)m,lg (i.e. add m more parts equal to 0).
Then

"

-1
T 4

k(ly+la+1) ,dp(A,p) P -1
i o= (21...1,,) (htlord) e M)EAC/ﬂC(Xm ;1)

-1
x 9

-l > -l >

A

Proof. Starting with the lattice in the previous lemma, we add a path of each color
on the left edge of each row. The paths entering from the left must end packed to
the left at the top. This, along with the shift right by m of the zero content line,
means that the top boundary is now given by . Addmg the paths entering from
the left changes the weight by the factor (z; . ..z,,)". O

Finally we must relate the LLT polynomial of a skew partition with that of its
complement.

Lemma 3.6.7 ([28, Lemma 6.7]). Let A € P") and p e P _ . Let i€ P") be

the tuple of partitions one gets by adding m to every part of every partition in p.
We have

P ki AP -1
Lyju(Xpit) = (w1 20) " Laeppe( Xy 5 1).

Proof. We construct a bijection SSYT(A/u) — SSYT(X/°) as follows. For each
skew partition in A/u, draw it inside an [; X I, box. Given any SSYT of the skew
shape, go from left to right, row-by-row, and fill the cells of the box with the largest
available integer not already used in that row. After rotating 180 degrees the newly
filled cells of the box are a SSYT of the corresponding skew partition in A“/f°.
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For example, let A = (3,3,1,0),x = (1,0,0,0),l; = m = 4,1 = 6. Then we have
A= (6,5,3,3) and i° = (2,2,2,1). Consider the filling below.

4 3

2

—_
21314 2
112

3]4
2[3[4]

=W ] L
DO =[] DO
— = =

N e

3

Note that under this map the x weights transform as ' (.. .xm)kll(xT)_l.
We are left to determine what happens to the powers of £. It is easy to check that,
in terms of lattice paths, flipping a corner of color a up (down) on one side of the
bijection corresponds to flipping a corner of color k£ — a + 1 down (up) on the other
side. As the space of configurations on both sides is connected under corner flips,
a corner flipping argument (see Lemma 2.6.8) shows the difference in the powers
of t does not depend on the configuration. Thus there is some overall power of ¢
difference, call it dp(A, @), so that

P kly ,dp(X, P -
Lon(Xonst) = (1) M LL e (X0 1),

We need only to compute the difference in the power of ¢ for a specific choice of
configurations to compute dE()‘> @). A similar argument to the one used in the
proof of Lemma 3.6.4 shows dp(A\, ) = 0. O

Combining all the above lemmas gives the following proposition.

Proposition 3.6.8 ([28, Prop. 6.8]). We have
(L3 (Xmst) =) LT (X5
where the whole thing is independent of l,, and dp(\, u) and ﬁf/” are also indepen-
dent of .
Cauchy identities
Using the above we will now prove several Cauchy identities for the £ and cr.

Proposition 3.6.9 ([28, Prop. 6.9]). Let p and v be tuples of partitions each with
infinitely many parts only finitely many of which are non-zero. Then

k-1
d( P I\—1 d(Aw) AP
> N L Vi )Ly (Xst) = | [ [T [+ 2ayt) ™ )Y 1" L5 (Xs 1) Lap (Vi 1)
A A

1,7 1=0
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Proof. Given p and v, choose positive integer [; and [ such that maximum number
of non-zero parts of a partition in v is less than [; — m and the largest part of any
partition in v is less than I, + m. Note this ensures that [; is greater than the
maximum number of non-zero parts of a partition in g and that [, is greater than

the largest part of any partition in p. Truncate the partitions so that p € Pl(fl)Q and

v E Pl(lk_)mb +m- Consider the following partition function.

4_11_) Sy - (—llm—>4—lz+m—>

From the previous subsection, in particular Prop. 3.6.2, every piece is independent
of Iy, so we may take [, — 00. Here the crosses have weight one. Using the YBE to
move the crosses to the other side gives

"

Since we have taken [, — oo and paths cannot travel horizontally across a purple
face, we know that the paths originating from the bottom boundary must exit from
the gray faces at the right boundary. Splitting this into parts, we get
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Equating the two sums gives

k-1
> Lra (Vs ) Lopa(X,it) = (1‘[ [ [ +2at) ™ D L3 (X ) Lr (Vs ).
A A

.5 1=0

where the prefactor on the RHS comes from the crosses. Using Prop. 3.6.2, we get

-m - mly— m+1 k ,
Y ()R U N £ ()LD A (X )
A

k-1
- -m m miy— mA))(k v
= (1_[ [ Ja+myt) 1)2@)“1 Ryt CSDEIEIO £, (X ) Lap (Vi ).
A

ij =0

Many terms (in particular all the terms involving l;) cancel, and we can then take
[y = o0, giving the proposition. O]

An analogous proof, using white boxes in place of purple boxes and white crosses
in place of yellow crosses, gives the following proposition.

Proposition 3.6.10 ([28, Prop. 6.10]). Let p and v be tuples of partitions each
with infinitely many parts only finitely many of which are non-zero. Then

k-1

> N L (X )L Vs t) = [ [ [yt Y " Lxu (X ) Lap (Vi ).
A

3,7 =0 A

This is a slight generalization of Prop. 2.6.12 (which we can recover by taking v = 0,
setting m = n, and swapping X and Y').
Using the white faces and the pink faces, we have the following.

Proposition 3.6.11 ([28, Prop. 6.11]). Let p and v be tuples of partitions each
with infinitely many parts only finitely many of which are non-zero. Then

k-1
I\—1 dp(A\,v P d A) AP
[T T +2at)™ Y e L (Vs LR (X t) = Y 7N L0 (X)L pa (Vo 1)
A A

1,5 1=0

Proof. Given p and v, choose positive integers [y, [, such that [; is greater than or
equal to the number of non-zero parts in p and v, [, is greater than or equal to
the largest part in p, and [, — n is greater than or equal to the largest part in v.
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Consider the following partition function.

v

u,,‘%,
i
h
m
This can be split as
Ym
A v
z,'® % m% % :
2 1 x X
A a'e :% ,1/1% ' % z,
- - -l » —lLi+n = < lh-n -
I A

From the previous subsection, in particular Prop. 3.6.8, every piece is independent
of [;, so we may take [; — 00. We can use the YBE to move the crosses to the other
side to get

v

Lotolotototlod

which we split into

Lol ol o
X
Lot olod

(Sufficiently far to the left in the white faces every column is dense with vertical
paths, so the paths from the cross must enter in the pink faces.) Setting this equal
to the other sum gives

k-1
[T+ 2yt ™ )Y Lans )L 30 (s t) = Y (L) A (X ) Loa (Vi)
A A

1,7 1=0

where the prefactor on the LHS comes from the crosses. Using Prop. 3.6.8 we have



CHAPTER 3. SUPER RIBBON FUNCTIONS 98

k-1
[T Ja+ xl-yjtl)‘l) > (@) L (Y LR, (X t)
A

4,7 1=0

k(lo+1) ,dp(,\) ~P
=) (g o) N L (X 1) Loa (Vi ).
A

Canceling the terms involving [, gives the proposition. O

Changing the white faces to purple faces, a similar computation to the above
gives

Proposition 3.6.12 ([28, Lemma 6.12]). Let p and v be tuples of partitions each
with infinitely many parts only finitely many of which are non-zero. Then

k-1
(1‘[ [ ]a- a:iyj#)) > LS (Vi LN (X t) = Y PN L (X)L a (Vs 1),
A A

ij 1=0

(One must be careful to only consider terms with finite degree in y; this forces the
paths to only travel from the SW to the SE on the cross.)

Combining these identities, we now come to the main result of this section: a
Cauchy identity for the supersymmetric LLT polynomials.

Theorem 3.6.13 ([28, Thm. 6.13]). Let p and v be tuples of partitions each with
infinitely many parts only finitely many of which are non-zero. Fix positive integers
n,m,p,q. Then

th(“’”cf A, Yo )L (W, Zy5t)

P =g

ol vzt B
“TITTET T T (e £ Bt 0800, 70

(3.10)

Proof. We can rewrite the LHS as

LHS = L0,V ) Lo (X Ot Ly (Z 01 TN L (Wi 1)

Ao,p

where we use the fact that

d(p, A) =dp(p, o) +d(o, A).
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Applying Prop. 3.6.10 on the sum over A with the second and fourth LLTs gives

p
LHS = ﬂ(l—xiwatl)
a=1

=0 =1
dp(u,0) AP d(A,
Z u/p(Ymvt)ﬁ}\/a(th)t Pl )Eu/a(Zq;t)t ( p)ﬁA/p(Wp;t)'

X

Applying Prop. 3.6.9 on the sum over p with the first and fourth LLTs gives
n m p !
1 —xw,t
LHS = 1_1[]_[ ]_[ —1+y] =i
P d o) AP d(p,v
X ‘Cp/)\(Yrm t)‘C)\/a(Xn; t)t P )‘Cu/a'(Zq; t)t w )‘Cp/u(Wp; t)
Ao,p

Applying Prop. 3.6.11 on the sum over o with the second and third LLTs gives

k-1 n m p xwatl
LHS = l_[ l_[ l_[ 1_[ l_[ (1 +ija,tl )(1+ :L"thl)

1=0 4,i'=1 j=1 a,a'=1 B=1

dp(o,A d(p,v
X Z L:p/A(Ym;t)Ea'/u(Xn;t)t . )ﬁa/)\(Zq;t)t v )ﬁp/u(Wp;t)'

Ao,p

Finally, applying Prop. 3.6.12 on the sum over A with the first and third LLTs gives

. ~ zw,t')(1 - ypzpt)
S = lz_o[ le_[1 Jlj_ll ala_[1 ﬁlﬂ_[1 (1 + yjwet')(1 + z25t")

P dp(X, P d(p,v
X Y Lo (Vi) Lo (X )N LY (2P L, (W)

Ao.p

which can be combined into

LHS

T T ot (1 = ypzgt') y
- 1_[ l_[ 1_[ l—[ 1_[ (1+;w (1 +y;,zﬁtz th(A )E,\/u(Xn,Ym,t)ﬁA/u(

1=0 4,i'=14,j'=1 a,a'=1 B,p'=1

= RHS

where we again use the fact that

d(X\v)=dp(X p)+d(p,v).

4i1)
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3.7 Example computations of £° and g

Example 3.7.1. The 2-quotient of A = (4,2) is A = ((1),(2)).

T [, [

Therefore, by Prop. 3.5.9, we must have

S (2) 1/2
Lx(z1;y15t) = z5Dg,\ (x1;915t / )

for some half-integer O € %Z. To compute Ei(wl;yl;t), we note that there are 4
configurations of the lattice Sy 1(X).

Y1 Y Y1 Y1
x ‘ T u Ty ’T T

2 2 3 2
Ty T1Y1 txy 2T}

Therefore Lx(z1;y1:t) = Toyy + 21y + to- + taty,. To compute g§2)(x1; Y1; t1/2)

note that there are 4 super 2-ribbon tableauz of shape X\ in the alphabet {1 < 1'}.

, we

1’ 1 11 1)1
1 1 ] 1 1 1
xiy Ty t*x} iy

Therefore gf)(xl; Y1s t1/2) = m%yl + xly% + tgx?{ + tzxfyl. (The way we’ve ordered the
lattice configurations and the super ribbon tableauzr agrees with the bijection 6 from
Section 3.5, so that the i-th lattice configuration corresponds to the i-th super ribbon
tableauz via 0.) We see

S 2 1/2
Lx(z1;y15t) = Q§ Yy t'?),

so in fact O = 0 in this case. This agrees with the fact that the quantity

il B R R SR

1s equal to 0 in each of these 4 configurations.
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Example 3.7.2. The 3-quotient of A = (8,7,3) is XA = ((1),(3),(2)).

o %, . O3 [T,

Therefore, by Prop. 3.5.9, we must have
S 3
L (wisynst) = G (2 gt

for some half-integer O € %Z. We can thus compute gg\g)(ml;yl;tlm) by computing

Ei(xl; yp;t) and O. To compute Ei(xl; y1;t), we note that there are 8 configurations
of the lattice Sy 1(N).

35
(2T

ylm
342 2 3 3 5 5 4 4 2
U x1y1 "y Uz t iy

Therefore
s 35 242 56  ,45 342 233 55 4 4 2
Lx(z;y;t) =tz + Uy +t o)+ ayy + Uy, + oy +taiy +t ay;.

We can also observe that the quantity

et B N R G

15 equal to % in each of these 8 configurations, so O = % We can now compute

(3) —20 S 2
V(@ yst) =t L ynt)
=t5xi’y1 + tglelyf + tgx? + t7xiy1 + t%%y% + tgxi)yf + tgasi)yl + t7x111yf.

We see this agrees with the result obtained from explicitly computing all the super
3-ribbon tableaux of shape X in the alphabet {1 < 1'}.



CHAPTER 3. SUPER RIBBON FUNCTIONS

1 7' 1711 1
11 [1]1 |1 11 |1y 11 1 11 ]
1 1
5 5 3 4 2 9 6 75
U x U x 1 1 xy U x1
11 1' 1111 1
11 (11 |1 1% 1 1 [ 1
1 1
5 4 2 3 3 3 9 5 7 4 2
(A (AN (AN (AR

(Again, the way we’ve ordered the lattice configurations and the super ribbon tableaux

agrees with the bijection 0 from Section 3.5.)
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Chapter 4

Domino tilings of the Aztec
diamond

4.1 Introduction

Domino tilings of the Aztec diamond were first studied in 1992 in [24, 25]. The
Aztec diamond of rank m is the set of lattice squares inside the diamond-shaped
region

AD,, = {(z,y) € R* : |z| + |y| = m + 1}.

The Aztec diamond of rank 3 is drawn on the left of Figure 4.1. A domino is a pair of
orthogonally adjacent lattice squares, and a domino tiling of a region is a partitioning
of the region into non-overlapping dominos. For example, a domino tiling of the rank
3 Aztec diamond is drawn on the right of Figure 4.1, and the domino tilings of the
Aztec diamond of rank 2 are displayed in Figure 4.2.

Figure 4.1: The Aztec diamond of rank 3 (left) and an example of a domino tiling
(right)
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Haall/Essliisel

Figure 4.2: The 8 domino tilings of the Aztec diamond of rank 2

1| ]

LI ]

One surprising enumerative result is the following:

Theorem 4.1.1. The number of domino tilings of the Aztec diamond of rank m is
m+1
exactly 2( 2 )

There are numerous proofs of this theorem using many interesting combinatorial
techniques, including random generation algorithms [24, 25], non-intersecting paths
[26], and sequences of interlacing partitions [11, 10]. Thanks to these techniques, we
know a lot about the asymptotic behavior of domino tilings of the Aztec diamond of
rank m when m — 0o. An important result is the arctic circle theorem of Jockusch,
Propp, and Shor [33], which roughly states that a uniformly random tiling behaves
in a brickwork pattern in four regions (called frozen regions or polar regions), one
adjacent to each corner of the Aztec diamond, whose union is the complement of the
largest circle (called the arctic circle) that can be inscribed within the Aztec diamond.
A beautiful picture for m = 1000 can be found in Figure 4.3, which was taken from
https://sites.uclouvain.be/aztecdiamond/examples/. More precisely:

Theorem 4.1.2 ([33, 49]). For each m, consider a uniformly random domino tiling
of the Aztec diamond of rank m scaled by a factor of % i each axis to fit into the
limiting diamond

ADo = {lz| + |y = 1}

and let P,, be the image of the polar regions of the random tiling under this scaling
transformation. Then, for all € >0, as m — 00,

1 1 1
{(1’79) € ADg 2" +y" > 5t E}H(EADm) CPh,C {(x,y) €ADy iz +y° > 3 —e}

holds with probability tending to 1.

In the rest of this chapter, we say that the arctic curve for domino tilings of the
Aztec diamond is the circle

1
x2+y2=§.
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Cohn, Elkies, and Propp [17] later proved some results about the behavior of the
tiling inside the arctic circle, specifically regarding the probability of observing a
given domino in a given position and regarding the “height function” of the tiling.
Many more papers have been written on domino tilings of the Aztec diamond, for
example [49, 36, 34].

Figure 4.3: A typical tiling of the Aztec diamond of rank 1000

The goal of this chapter is to study superpositions of domino tilings of the Aztec
diamond, using the colored vertex models defined in Chapter 1. For k = 1, we define
a k-tiling of the Aztec diamond of rank m to be the superposition of k tilings, colored
from 1 to k. These tilings are not independent; we define an interaction between the
tilings of colors ¢ < j to be a pair of dominos, one of color 7 and one of color j, of
a certain form. By relating these tilings to our colored vertex models, we prove the
following theorem.

Theorem 4.1.3 (Thm. 4.3.3 and Thm. 4.3.6). The generating function of the
k-tilings of the rank m Aztec diamond is

k-1
(1+t'z,). (4.1)

=0 1l<i<jsm

Here ¢ follows the number of interactions, and x; and y; follow the numbers of dominos
of certain types as defined in Section 4.2.
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When k£ = 1, we recover known results for domino tilings of the Aztec diamond
(Prop. 4.2.1). We also construct a bijection between k-tilings when ¢t = 0 (i.e. no
interactions) and 1-tilings, which allows us to compute the arctic curves for t = 0.

Theorem 4.1.4 (Thm. 4.4.6). The arctic curve for k-tilings of the Aztec diamond
when t = 0 is given by

1

2 2
l’+y=2, ZL‘E[ %a%Ly %
(z+ (k= 1)y)° + (ky)* = 2 e
(2ac+(k 1) (z+y— 1)) + (2y+(k 1;(x+y—1)) %’ y € [_i’ %]’ > _Ziy klil :
2
(2x+(k 1)(m+y 1)) + (2y+(k—1;’(€3y—z—1)) %, y € [_i’ %]7 T _%y ﬁ

for each color.

Finally, we construct a bijection between k-tilings when ¢ = 0 (i.e. no interactions)
and k-tilings when ¢ — oo (i.e. maximum possible number of interactions), which
allows us to compute the arctic curves for ¢ — oo.

Corollary 4.1.5. The arctic curve for k-tilings of the Aztec diamond when t — o0
is given by reflecting (4.2) over the line y = x.

The chapter is organized as follows.

e In Section 4.2, we introduce domino tilings of the Aztec diamond, and we define
two different models (purple-gray and white-pink) for relating a k-tiling to a
sequence of k-tuples of partitions and for assigning a weight to a k-tiling.

e In Section 4.3, we relate the vertex models to the purple-gray and white-pink
models, and we use the vertex models to compute the generating functions of
the k-tilings.

e In Section 4.4, we relate domino tilings to collections of non-intersecting paths,
which allows us to compute the arctic curve of the tilings for ¢ = 0. We then
relate the ¢ = 0 and ¢ — o0 cases, which allows us to compute the arctic curve
of the tilings for t — oco.

We also present some lozenge k-tilings of the hexagon and compute their arctic curves
for t = 0 in Appendix A.
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4.2 Domino tilings of the Aztec diamond

The Aztec diamond

A lattice square is a 1 x 1 square [a,a + 1] X [b,b + 1] in R? for some a,b € Z.
A horizontal (vertical) domino is a 2 X 1 (1 X 2) rectangle consisting of two lattice
squares, as shown below on the left (right).

O

Given a region R € R consisting of lattice squares, a domino tiling of R is a
partitioning of R into non-overlapping horizontal and vertical dominos. A k-tiling
T = (T,...,T}) is a k-tuple of domino tilings; we say the dominos in the i-th tiling
T; are colored 1.

The Aztec diamond of rank m is the region in R? which consists of all lattice
squares lying completely inside the diamond-shaped region

{(z,9) ¢ |z| + |y| =m +1}.

We will be interested in domino tilings of the Aztec diamond. As we can draw R
as a checkerboard, where the lattice square [a,a + 1] X [b,b + 1] is shaded white if
a + b+ m is odd and gray if a + b + m is even, we have four types of dominos with
which to tile:

type I  type II type III type IV

For example, here is one possible domino tiling of the Aztec diamond of rank m = 3.

Eement

Sequences of partitions and tilings of the Aztec diamond

We will actually use two different constructions to go from a sequence of interlac-
ing partitions to a tiling of the Aztec diamond. In addition, for each construction, we
will define the weight of a tiling as a polynomial in the variables 1, ..., 2, Y1, -\ Y-
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o oo oo ol

Figure 4.5: The empty tilings for the purple-gray model (left) and the white-pink
model (right)

The first construction, which we will call the purple-gray model, is as follows.
Specifying a domino tiling of the rank m Aztec diamond is equivalent to specifying
2m + 1 Maya diagrams on the slices going from SW to NE (drawn as dashed lines),
as in the left of Figure 4.4, where the 0 content line for the diagrams is drawn in red.
We impose the condition that

g=X"<N= LN =N =g
and A} + (") < m for all i. (The Maya diagrams of these partitions are truncated
to fit inside the Aztec diamond, with the 0 content line positioned as specified in
the left of Figure 4.4. To recover the untruncated Maya diagram from the truncated
one, we can pre-pend infinitely many e’s and post-pend infinitely many o’s.) From
these Maya diagrams, we can draw dominos according to the following rules.

colla ol
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(There is a unique way to do this.) For example, if each A= @, then the corre-
sponding Maya diagrams and domino tiling are given on the left of Figure 4.5. We
define the weight of a domino tiling of the Aztec diamond to be the product of the
weights of the dominos, where we assign weights to the dominos according to the
following rules.

e A domino of the form m whose top square is on slice 2i — 1 gets weight x;.
e A domino of the form [°] whose bottom square is on slice 2i — 1 gets weight y;.

e All other dominos get a weight of 1.

The second construction, which we will call the white-pink model, is as follows.
Specifying a domino tiling of the Aztec diamond of rank m is equivalent to specifying
2m + 1 Maya diagrams on the slices going from SW to NE (drawn as dashed lines),
as in the right of Figure 4.4, where the 0 content line for the diagrams is drawn in
red. We impose the condition that

=X <)\ <\

and X, + ¢(\") < m for all 4. (Similarly as in the purple-gray model, we truncate the
Maya diagrams to fit inside the Aztec diamond.) From these Maya diagrams, we can
draw dominos according to the following rules.

em 2 &=

(There is a unique way to do this.) For example, if each A= @, then the corre-
sponding Maya diagrams and domino tiling are given on the right of Figure 4.5. We
define the weight of a domino tiling of the Aztec diamond to be the product of the
weights of the dominos, where we assign weights to the dominos according to the
following rules.

e A domino of the form whose left square is on slice 2i — 1 gets weight z;.
e A domino of the form [® ®] whose right square is on slice 20 — 1 gets weight ;.
e All other dominos get a weight of 1.

For example, consider the domino tiling in Figure 4.6. In the purple-gray model,
this tiling gives the sequence of partitions

o< (1,1)=1D<2D=(1)<2) =0
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Figure 4.6: A domino tiling and the corresponding Maya diagrams in the purple-gray
(left) and white-pink (right) models

and has weight x§$2x3y2y§ . In the white-pink model, this tiling gives the sequence
of partitions
o= o=(1)=1)=1)=0o

and has weight z,2,y,ys.
We define the generating function of each model to be

(1) .
ZAD,model(Xm; Ym) o= Z w(T)

T

where the sum is over domino tilings T of the rank m Aztec diamond and the weight
function w is determined by the model (which is either purple—gray or white—pink).
Both models were studied previously in [11]; surprisingly, the generating functions
are the same:

Proposition 4.2.1 ([11, Remark 2]). For both the purple-gray model and the white-
pink model, the generating function is

(1) .
Zap( X V) = l_[ (1+xiyj)'

1si<jsm

We will generalize these two models to k-tilings, and recover this result in the case
k=1.

Extending the models to k-tilings

The two models in the previous section can be extended to k-tilings. For the
purple-gray model, specifying a k-tiling of the Aztec diamond of rank m is equivalent
to specifying a sequence of 2m + 1 k-tuples of partitions satisfying

0=X<"A'> . A=A =0
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For the white-pink model, specifying a k-tiling of the Aztec diamond of rank m is
equivalent to specifying a sequence of 2m + 1 k-tuples of partitions satisfying

2m—1

0=X"<x'"> ... <2 > A" = 0.

For both models, letting the k-tiling be T = (Ty,...,T;) and letting the j-th k-tuple
of partitions be A’ = ()\(]’1)‘, . A(]’k))'for all j, the i-th tiling T} corresponds to the
sequence of partitions (A", ... A for all 4.

We define the weight of a k-tiling T' as a polynomial in the variables

xla"'7xm7y17“'7ym7t

by the equation

k
U)(T) — U)(Tl,. B ,Tk) — t#lnteractlons mTl_[U)(T;).

i=1

In other words, the weight of a k-tiling is the product of the weights of the individual
tilings, times an additional factor of ¢ for every interaction between two of the
tilings. In the purple-gray model, an interaction is a pair of dominos of the form

H [ e E

In the white-pink model, an interaction is a pair of dominos of the form

Sy @ g m

Here blue is a smaller color than red.

For example, consider the 3-tiling of the rank 3 Aztec diamond in Figure 4.7. In
the purple-gray model, the first tiling has weight xfx2y§x3y§, the second has weight
xi’ylygyg,, the third has weight x{y,x5y5, and there are 11 interactions - 4 between
blue and red, 3 between blue and green, and 4 between red and green. Thus the
weight of this 3-tiling is

11 6 2 2 4 3
U X1Y172Y2T3Y3-

We define the generating function of each model to be
(k) .
ZAD,model(Xm; Ym? t) <= Z U)(T)
T

where the sum is over k-tilings T of the rank m Aztec diamond and the weight
function w is determined by the model (which is either purple—gray or white—pink).
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]

O O

1, 15 13

Figure 4.7: An example of a 3-tiling of the rank 3 Aztec diamond

4.3 k-tilings and vertex models

The purple-gray partition function

Consider the following lattice and its associated partition function.

m
2

- (ypm )kt( )(’5)

Here y"" =y 'y ™% ...y ™™ a white dot indicates the absence of all colors, and a

black dot indicates the presence of all colors.
By inserting a yellow cross on the left we can use the YBE (Prop. 1.4.8) to get

Ym

1
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from which we see that

Ly

U

— m —

We can repeat this to get

T

Um

— m —

from which we see that

Ym

Given a configuration of the lattice

Im

T

— m —

and looking at the labels on the horizontal edges row by row from bottom to top, we
get a sequence of 2m + 1 k-tuples of Maya diagrams, where we mark the 0 content
line with x’s on the lattice. The corresponding 2m + 1 k-tuples of partitions satisfy

0=X<"A'> <Aoo,
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Relating lattice configurations and k-tilings in the
purple-gray model
Given a sequence of k-tuples of partitions
0=X"<"A">. . A=A =0,

we get both a configuration of the lattice

§

— m —

and a k-tiling of the Aztec diamond of rank m. For example, in Figure 4.8, the tiling
on the left corresponds to the configuration on the right, and in Figure 4.9, we give
the 8 configurations corresponding to the tilings of the rank 2 Aztec diamond, which
were listed in Figure 4.2. As it turns out, the weight of the lattice configuration and
the weight of the k-tiling are related.

(0]
O O|O0 0O
®e|0O|®o|® (O
®|O0O|®@|O OO
[

Figure 4.8: Domino tilings and vertex models

For the purple faces, one gets a t whenever you have a face of the form

where blue is a smaller color than red. It is easy to see that this equals the number
of domino configurations of the form
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Figure 4.9: Purple-gray lattice configurations for the Aztec diamond of rank 2

which is one of the configurations that give a t. One gets an x; whenever a path exits
right in the i-th purple row. It is easy to see that this equals the number of dominos

of the form |§|

whose top square is on slice 2¢ — 1, which equals the z; power we give the dominos.
We are left to consider the gray faces. Let’s look at the (m — p + 1)-th gray row

— p —

for some p € [m]. Let y = yy,—p+1. For a single color a € [k], we can write the
contribution of the paths of color a to the power of y in the weight of the row as

#. + #. + #.-

Lemma 4.3.1. In the (m — p + 1)-th gray row, for each color,

#.+#.=p—1-

Proof. The left-hand side counts the number of paths exiting the row through the
top. There are p paths entering the row through the bottom, 0 paths entering the row
from the left, and 1 path exiting the row through the right. By path conservation,
this means that there are p+0—1 = p—1 paths exiting the row through the top. [

The number of vertices in which color a is absent equals the number of cells that get
removed from the a-th partition, i.e.

(a) (a)
#. = |>\2(m—p+1)| - |)\2(m—p+1)—1|'

It is easy to see that this equals the number the number of dominos of the form

=
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whose bottom square is on slice 2(m — p + 1) — 1, which equals the y power we give
the dominos. Therefore if we pull out a factor of 7" ~! from the weight of the row,
then the y-weights agree. For the t-weight of the row, we can write the ¢ power as

Z #{faces|a right, b top} + #{faces|a not right, b not right}

l<a<bs<k

Z #{faces|a right, b top} + #{faces|a not right, b top} + #{faces|a not right, b absent}

1<a<bsk

Z #{faces|b top} + #{faces|a not right, b absent}

l<a<bsk

Z (p — 1) + #{faces|a not right, b absent}

l<a<bs<k

k
(2)(]9 -1)+ Z #{faces|a not right, b absent}

l<a<bsk

where we have used the fact that #{faces : b exits top} = p — 1 by the previous

lemma. It is easy to see that #{faces : a not right, b absent} equals the number of
domino configurations of the form

il @

where blue is color a and red is color b, which are three of the configurations that

k(e
give a t. Therefore if we pull out a factor of t(Q)(p Y from the row, then the t-weights
agree.

Putting it all together, we arrive at the following results.

Lemma 4.3.2 ([20, Lemma 4.2]). There is a weight-preserving bijection between
configurations of the purple-gray lattice

— m —

and k-tilings of the Aztec diamond of rank m. By weight-preserving, we mean that

m\(k
the weight of the configuration is (ypm)kt(Z)(2) times the weight of the k-tiling.
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Theorem 4.3.3 ([20, Thm. 4.3]). The partition function of

Ym

Tm

i
1

— m —

m\(k
with k colors is equal to (ypm)kt(Q)(Q) times the generating function of k-tilings of the
Aztec diamond of rank m in the purple-gray model. We have

z(élkl))purple gmy(Xm7Ymat) - l_[ l—[ (1 + xly] )

=0 1<isjsm

In Figure 4.10, we exhibit an example of the bijection for k,m = 3.

=Y

A= (2,0, 0)

A= ((2),(1), 2) ] _

X' = ((1).(1). @) o[7]e |

A= ((2,1),(1,1), (1) [ ° ° j L o oo oj ° °

AZZ((l 1)7(11),6) [ BN BN BN [ BN BN BN ) .‘. [ ] [ ]

A =((1,1),(1,1,1),(1 b L] e el d - B

ppiie T LA R
(s 00 (@) (i) T Ty T

Figure 4.10: An example of a 3-tiling of the rank 3 Aztec diamond (right), the
corresponding sequence of 3-tuples of partitions (middle), and the corresponding
purple-gray lattice configuration (left)

The white-pink partition function

We can apply similar techniques to analyze the white-pink model. Consider the
following lattice and its associated partition function.

:

xméfe ST
|

T

m m—1 1 \k k m\ K
=Wy Um) = (Yreym) @)

-1
Ym @

Il
&
+—o—+++++

oo
= —
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By inserting a yellow cross on the right we can use the YBE (Prop. 1.4.9)

xm%f----% WV====4f
fo ; ;

Ty Ty

-1
Ym

-1
Y

from which we see that

me e e ]

EEmEE

) =" x [ [0+ 2iyat’) ™
- " 1=0

w' yit

We can repeat this to get

Ly

i
i

= (W) () | @ + zy,t).
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Given a configuration of the lattice

éw++++ﬁ)—s

Py P o
— m —

and looking at the labels on the horizontal edges row by row from bottom to top, we
get a sequence of 2m + 1 k-tuples of Maya diagrams, where we mark the 0 content
line with x’s on the lattice. The corresponding 2m + 1 k-tuples of partitions satisfy

2m—1

0=X"=<x'> .. <2 ' A = 0.

Relating lattice configurations and k-tilings in the
white-pink model

Given a sequence of k-tuples of partitions

2m—-1 _ I

0=X"<A'> . <A A =0,

we get both a configuration of the lattice

=
o

P o o
— m

and a k-tiling of the Aztec diamond of rank m. For example, in Figures 4.11, we
give the 8 configurations corresponding to the 1-tilings of the rank 2 Aztec diamond,
which were listed in Figure 4.2. As it turns out, the weight of the lattice configuration
and the weight of the k-tiling are related.

Lemma 4.3.4. In the l-th pink row, for each color,

#J + # =m-1+1.
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Figure 4.11: White-pink lattice configurations for the Aztec diamond of rank 2

Proof. In the [-th pink row, there are [ + 1 particles entering from the bottom and
m + 2 vertices. This means there are (m +2) — (I +1) = m — [ + 1 vertices in which
a particle does not enter from the bottom. O

If we pull out a factor of 4" for the I-th pink row for each [ € [m], then we

get an overall factor of (y; ... u,)" (y"™)" on the left-hand side, which cancels with
the same factor on the right-hand side. After removing this factor, the /-th pink
row now contributes a y; whenever there is a vertical path, which corresponds to a
domino of the form

[o o]

whose right square is on slice 2l — 1. We get a ¢t whenever a smaller color exits right
and a larger color is vertical in a pink row, and whenever a smaller color exits right
and a larger color is present in a white row. This corresponds to a pair of dominos
of the form

o O o

where blue is a smaller color than red.
Putting it all together, we arrive at the following results.

Lemma 4.3.5 (|20, Lemma 4.5]). There is a weight-preserving bijection between
configurations of the white-pink lattice

U ®

Tm

e

Ty

LAO*Aoononon—s:

| o
— m —

and k-tilings of the Aztec diamond of rank m. By weight-preserving, we mean that
the weight of the configuration is (yy ... ym) (y"™)" times the weight of the k-tiling.



CHAPTER 4. DOMINO TILINGS OF THE AZTEC DIAMOND 121

Theorem 4.3.6 ([20, Thm. 4.6]). The partition function of

i

;

i

;

| i
L LLL

with k colors is equal to (yy ...y, )" (y"™)" times the generating function of k-tilings
of the Aztec diamond in the white-pink model. We have

k-1
(k) !
ZAD,white—pink:(Xm; Ym’ t) = l_[ l_[ (1 + xly]t ) :
[=0 1<isjsm
Combining the two models
Since the generating functions of the two models are equal, we will write

k—
ZX%(XW; Y, t) = l_[ (1 + xiyjtl) :

=0 1=<i<jsm

—_

Moreover, we get a surprising combinatorial statement.

Proposition 4.3.7 (|20, Prop. 4.7]). Fiz integers k,m,l,r1,... Ty, Sty Sm = 0.
There is a bijection between:

o k-tilings of the Aztec diamond of rank m with ¢ pairs of dominos of the form

o[ _@

where where blue is a smaller color than red, r; dominos of the form D whose

top square is on slice 2i — 1 for each i € [m], and s; dominos of the form D

whose bottom square is on slice 2i — 1 for each i € [m]; and

e k-tilings of the Aztec diamond of rank m with ¢ pairs of dominos of the form

c 3 gl Em
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where where blue is a smaller color than red, r; dominos of the form [T whose
left square is on slice 21 — 1 for each i € [m], and s; dominos of the form ]
whose right square is on slice 2i — 1 for each i € [m].

We leave it as an open problem to find a combinatorial proof of the proposition.

4.4 Arctic curve computations

In this section, we consider arctic curves for k-tilings with fixed values of t = ¢
(or t = 00), defined as follows.

Definition 4.4.1. Fixz t, = 0. Fix a positive integer m. Given a k-tiling T =
(Ty,...,Ty) of the rank m Aztec diamond AD,,, define

. # interactions in T
w(T;t) :=t

(the weight of T' where we set all x; = 1 and all y; = 1). We generate a random
k-tiling T of AD,, with probability

w(T; )
p(Tito) = g~
° Zs w(S§ to)
where the sum is over all k-tilings S of AD,,. Then we say that the curve described
by the equation f(x,y) = 0 is the arctic curve for k-tilings of the Aztec diamond
when t =ty for color i € [k] if, for all € > 0, the probability that

{(z,y) € ADy : f(z,y) > e}ﬁ(%ADm) C P (T;) c{(z,y) € ADy : f(x,y) > —¢}

holds tends to 1 as m — o0o. Here %ADm is AD,, scaled by % in each axis to fit
into the limiting diamond

ADo = {lz| + [y] = 1}

and P,,(T;) is the image of the polar regions of T; under this scaling transformation.
The case t = 00 is defined similarly, where the probability of generating T is now

lim p(T';t) = lim M

t=00 t=o0 ) sw(S;t)

Remark 4.4.2. [t is not obvious from Definition 4.4.1 that the arctic curves for
different colors should be the same. In fact, the asymmetric definition of interactions
would suggest otherwise. However, we will see that this is the case for t = 0,1 and
t — 00, and computer simulations suggest it is also the case for other values of t.
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In the case t = 1, we have

1
p(T;1) = # k-tilings of AD,,"

Thus, by Theorem 4.1.2, the arctic curve for k-tilings of the Aztec diamond when

t =1 for all k colors is the circle z° + y2 = %

Schroder paths

To compute the arctic curves for t = 0 and ¢ — 00, we need to consider Schroder
paths. A Schroder path is a lattice path using NE (1,1), SE (1,-1), and E (2,0) steps
starting at (¢, 19) and ending at (o +n, yy) which does not go below the line y = .
We can assign paths to the dominos according to the following rules.

This gives a well-known [2, 26, 35] bijection between:

e domino tilings of the Aztec diamond of rank m and

e m-tuples of non-intersecting Schroder paths such that, for each i € [m], path
i starts at (-m — 1414, —i + %) and ends at (m+1—14,—i + %)

Figure 4.12 illustrates this bijection in the case m = 2.

1 1 [ N N

= | —]

Figure 4.12: Non-intersecting paths for the Aztec diamond of rank 2

The weight of a domino tiling can be expressed in terms of Schroder paths. We
will only consider the purple-gray model (but the white-pink model can be described
similarly).

e The power of x; is the number of down-right steps starting on slice 2¢ — 1

e The power of y; is the number of up-right steps starting on slice 2¢ — 1.
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e The power of t is the number of configurations of the form

Y e

where blue is a smaller color than red. In other words, we get a factor of ¢
when a blue path meets a red path from above, or a blue and a red path take
an up-right step together.

This follows easily from the definition of the weight of a k-tiling (Sections 4.2 and
4.2) in the purple-gray model.

The case t = 0
When t = 0, we have

k—
28 (X Y3 0) = [ | (1+29,0) = [T (L+ay) =250 (X0 Y.

=0 1=<i<jsm 1<i<jsm

—_

In this section, we will prove Z\2(X,; Y, 0) = Z(0(X,; Y,,) combinatorially, by
constructing a weight-preserving bijection between k-tilings of the Aztec diamond
with ¢ = 0 and domino tilings of the Aztec diamond. This bijection can be expressed
nicely in terms of Schroder paths. Label the starting and ending points of the paths
as follows.

le o]

20 o2
start end
. ® ® -

me o .
Note that starting point ¢ and ending point ¢ can be connected via m—i+1 horizontal
steps.
Before constructing the bijection, we need a better understanding of the behavior

of the Schroder paths when t = 0. We begin with the case k = 2. We let blue be
color 1 and red be color 2.

Proposition 4.4.3 ([20, Prop. 5.1]). When t = 0, for any 2-tiling of the rank m
Aztec diamond with non-zero weight:
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1. Ifi< mTH, then the i-th blue path is forced to have its first i steps be horizontal
while the i-th red path is forced to have its first i — 1 steps be horizontal.

2. Ifi = [% +1], then the i-th blue path is forced to have all its steps be horizontal
while the i-th red path is forced to have its first i — 1 steps horizontal.

3. Ifi = [% + 11, then the i-th blue path is forced to have all its steps be horizontal
and the i-th red path is forced to have all its steps horizontal.

In other words, the i-th blue path starts with min(i,m — i + 1) horizontal steps, and
the i-th red path starts with min(i — 1, m — i + 1) horizontal steps.

Proof. We begin with three important observations.

1. The i-th and j-th paths of the same color may not intersect for ¢ # j. This
implies (using a simple induction argument from the m-th path to the 1st path)
that the i-th path of each color may not go below the horizontal line connecting
starting point ¢ and ending point 7.

2. The i-th blue path and the j-th red path may not intersect for ¢ < j when ¢ = 0.
The i-th blue path starts above the j-th red path, so if they did intersect, then
at the first point of intersection, the blue path would meet the red path from
above, which gives a t.

3. Suppose a blue path and a red path meet at two points A and Z, with A left
of Z. Consider the behavior of the two paths at A. If both paths go up-right,
then we get a t. If the blue path goes up-right and the red path goes horizontal
or down-right, then the blue path is above the red path, but the two paths
both reach Z later, so eventually the blue path will meet the red path from

above, which gives a t. Thus, when ¢ = 0, the blue path must not go up-right
at A.

The 1st blue path and the 1st red path start at the same point and end at
the same point. Therefore, by observation 3, the 1st blue path must start with a
horizontal step.

Now assume the proposition holds for the first ¢ — 1 paths of both colors. We
will show the proposition holds for the i-th paths. Suppose i < m — ¢ + 1. We know
the (i — 1)-th blue path begins with i — 1 horizontal steps, so the i-th blue path
must begin with ¢ — 1 horizontal steps by observation 1, and moreover the ¢-th red
path must begin with ¢ — 1 horizontal steps by observation 2. Since the ¢-th blue
path and the ¢-th red path begin by taking ¢ — 1 horizontal steps together, the i-th
blue path must take another horizontal step. (It can’t go up-right by observation 3,
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and it can’t go down-right by observation 1.) Thus the i-th blue path begins with ¢
horizontal steps. If we suppose instead that ¢ = m —¢ 4+ 1, then the same argument
works, except the paths are forced to take all their steps horizontally. O

Corollary 4.4.4 ([20, Cor. 5.2]). When t =0, for any 2-tiling of the rank m Aztec
diamond with non-zero weight, the i-th blue path is weakly below the i-th red path and
strictly above the (i + 1)-th red path.

Proof. The fact that the i-th blue path is strictly above the (i+1)-th red path follows
from observation 2 (and the fact that the i-th blue path starts above the (i + 1)-th
red path). If the i-th blue path were ever strictly above the i-th red path, then since
these paths end at the same point, there must be a point where the i-th blue path
meets the i-th red path from above, giving a t. O

We will refer to the forced steps described in Prop. 4.4.3 as the frozen parts of
the paths. For example, when k& = 2 and m = 4, the frozen paths are as follows.

loe——— ol
20— o2
36———93
4e——o4

We are now ready to construct the bijection in the case k = 2.

Proposition 4.4.5 ([20, Prop. 5.3]). There is a weight-preserving bijection between
2-tilings of the rank m Aztec diamond at t = 0 and domino tilings of the rank m
Aztec diamond, given by shifting the i-th blue path down i steps and left i steps, and
shifting the i-th red path down © — 1 steps and left 1 — 1 steps.

Proof. By Prop. 4.4.3, it is easy to see that after shifting the paths, the frozen part
of each path is shifted completely outside the Aztec diamond and the non-frozen part
of each path remains inside the Aztec diamond. Since the i-th blue path is weakly
below the i-th red path and strictly above the (7 + 1)-th red path before the shift by
Cor. 4.4.4, after the shift it is strictly below the ¢-th red path and strictly above the
(i + 1)-th red path. That is, now the paths are non-intersecting. Non-intersecting
Schroder paths are in bijection with domino tilings of the Aztec diamond. Since a
horizontal step has a weight of 1, it follows that the bijection is weight-preserving. [
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Figure 4.13: Example of the bijection at ¢ = 0 for & = 2: the 2-tuple of paths (left),
the paths without the frozen steps (middle), and the 1-tuple of paths (right)

- - e

N I AN - [
=3 = -

Figure 4.14: Example of the bijection at ¢ = 0 for £ = 2: the 2-tiling with the frozen
dominos in black (left) and the corresponding 1-tiling (right)

An example of the bijection for two colors is given in Figure 4.13. The bijection
can also be defined directly on the tilings (see Figure 4.14).

With this bijection, along with Theorem 4.1.2, we can compute the arctic curve
for k-tilings of the Aztec diamond when ¢ = 0 (see Figure 4.15). For each m, consider
a uniformly random k-tiling of the Aztec diamond of rank m. We scale each tiling
by a factor 1/m in each axis to fit into the limiting diamond AD,, = {|z| + |y| < 1}.
In the case k = 2, we get the following result.

Theorem 4.4.6 ([20, Thm. 5.4)). When t = 0, the arctic curves (for both colors)
for 2-tilings of the Aztec diamond are given by

2 2

ZE+y—%, ) $€[—%,§],y>%

(z+y)° +(2y) =3 rel[-,2] y<—3

(Sz+y 1) (3y+w 1) _ %’ y € [_i’%l r> _éy_}_%
2

() o (2520 2 L yelobd) ety
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Figure 4.15: Simulation and computed arctic curve for a 2-tiling of the Aztec diamond
of rank 128 for ¢t = 0

Proof. From Theorem 4.1.2, we know that for the normal Aztec diamond the arctic
curve is the circle z° + y2 = % Reversing the bijection in the previous proposition
determines how one should deform the circle to get the arctic curve for the 2-tilings
of the Aztec diamond of rank m when m — oo. (Each piece of the arctic circle
becomes a piece of a different ellipse.)

For example, in terms of the Schroder paths, the upper portion of the arctic
curve separates the region of no paths from the disordered region inside the arctic
curve. This boundary is determined by the asymptotic trajectory of the upper most
path. As this path doesn’t shift under our bijection, the portion of the arctic curve

remains the same. This gives us the first region of the theorem:  + y2 = % for

T E [_%7%]7 y > l

Now consider the western portion of the arctic curve. For 1-tilings of the Aztec
diamond, this section of the arctic curve separates the region of up-right paths from
the disordered region. Recall that the 2i-th path of the 1-tiling of the Aztec diamond
maps to the i-th blue path, and the (2i — 1)-th path of the 1-tiling of the Aztec
diamond maps to the i-th red path. Reversing the bijection means shifting these
paths up and right 7 steps or ¢ — 1 steps, respectively.

Suppose that our Aztec diamond has rank m and we rescale it by a factor of % in

L x # Then the starting

m

each axis. Now each square of our checkerboard has size
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location of the 2i-th path is at the coordinate

2t—1 21-—-1 1
(o, y2) = | -1+ m T Tm " am )

Reversing the bijection will shift the 2i-th path of the 1-tiling up and right by

i1 1
m=z($2i—yzi+1)+0(m),

where it will become the i-th blue path in the 2-tiling. In fact, since we are considering
the frozen region of up-right paths, any point (z,y) along the 2i-th path will also
shift by i(:p —y+1)+ O(i) The same holds for the (2i — 1)-th path, except that
it will become the ¢-th red path in the 2-tiling.

Now we take m — oo. With this choice of coordinates, any point (x,y) in this
region of up-right paths in the 1-tiling of the Aztec diamond maps to a point in the
blue or red Aztec diamond according to

r—y+1 r—y+1\ (dx—y+1 x+3y+1
(ZL’,y)H(ZIT'i‘ 4 7y+ 4 )_( 4 ’ 4 .

Since the arctic curve separating the region of up-right paths from the disordered
region in the 1-tiling is given by 2’ +y2 = % with x < —%, —% <y< %, after inverting
the above map, we see that the arctic curve in the 2-tiling is given by

3r+y—1\° (fy—xz—-1\" 1 . 3z +y—1 1 1 sy—z-1 1
( 1 )+( 1 )—§W1th—1<T<—§aHd—§<T<§
for both colors. We can simplify the constraints to y € [—i, %], r < —%y - %, and

we get the last region in the theorem.
The remaining two portions of the arctic curve can be worked out similarly. [J

It is straightforward to generalize our discussion for 2-tilings to k-tilings. We end
up with the following bijection.

Proposition 4.4.7 ([20, Prop. 5.5]). For any k = 1, there is a weight-preserving
bijection between k-tilings of the rank m Aztec diamond att = 0 and domino tilings of
the rank m Aztec diamond, given by shifting the i-th path of color a down i(k—1)—a+1
steps and left i(k —1) —a + 1 steps.
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In other words, the new order of the paths is

path 1 color k, ..., path 1 color 1,
path 2 color k, ..., path 2 color 1,
path 3 color k, ..., path 3 color 1,

i.e. path 7 color a becomes path (i — 1)k + (k —a + 1). Using this bijection, we can
then compute the arctic curve for k-tilings when ¢ = 0, which is Theorem 4.1.4.

The case t » o0 and other values of ¢

In this section, we compute the arctic curve for the k-tilings of the Aztec diamond
as t — 00. We do this by defining a bijection between k-tilings with no interactions
(i.e. t = 0) and k-tilings with the maximum possible number of interactions (i.e.
t = 00). Then we can apply the arctic curve computations in the ¢t = 0 case given
in the previous section.

Let ¢ be the involution on the set of k-tilings of the Aztec diamond of rank m
given by reflecting over the line y = x. This involution leads to the following lemma.

Lemma 4.4.8 (|20, Lemma 6.1]). Let T' be a k-tiling of the Aztec diamond of rank
m with j interactions. Then ¢(T') is a k-tiling of the Aztec diamond of rank m with

('5)("3“) — J interactions.

Proof. The dominos are of four types, as shown below.

m [
type I type I type III type IV

m+1

) ) dominos of type I

In the 1-tiling where all dominos are horizontal, there are (
or II. When we perform a flip

«— or —

the number of dominos of type I or II is unchanged, and we can get all 1-tilings
starting from the 1-tiling where all dominos are horizontal and performing flips.
Therefore there are (m; 1) dominos of type I or II in every 1-tiling of the Aztec
diamond of rank m.

When applying ¢, the dominos of type I become dominos of type II (and vice
versa), and the dominos of type III become dominos of type IV (and vice versa).
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Fix a k-tiling T. Suppose T has j interactions and ¢(T') has ¢ interactions. Fix
two colors a (blue) < b (red). When a red domino is of type I, we get a power of ¢
for

|

in which case we say the red domino is in case I-A with the color blue, and no power
of t for

o B

in which case we say the red domino is in case [-B with the color blue. When a red
domino is of type II, we get no power of ¢ for

|

in which case we say the red domino is in case II-A with the color blue, and a power

of t for
= B

in which case we say the red domino is in case II-B with the color blue. The red
dominos of type III or IV never get a power of ¢. Therefore

J + £ = Z Z 1D is in case I-A or II-B with a + Z Z ]-D is in case I-B or II-A with a

1<a<b<k dominos D 1<a<bs<k dominos D
of color b of color b

1D is in case I-A, I-B, II-A, or II-B with a

1<a<b<k dominos D
of color b

Z 1D has type I or II

1<a<b<k dominos D

of color b
= Z (b_l) Z ]-DhastypelorH
1<b<k dominos D
of color b

Y (b-1)<m;1)
1<b<k

)
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Figure 4.16: Simulation of a 2-tiling Aztec diamond of rank 128 for ¢ = 1000

Thus ¢ is a bijection between k-tilings for ¢ = 0 and k-tilings for ¢ — oo. Thus
¢ relates the t = 0 arctic curve and the ¢ — oo arctic curve, and Cor. 4.1.5 follows.
See Figure 4.16.

Moreover, ¢ relates the ¢ = ¢ arctic curve and the ¢t = 1/t, arctic curve, for fixed
ty > 0:

Corollary 4.4.9. Fiz ty > 0. Then reflecting the arctic curve for k-tilings of the
Aztec diamond when t =ty for color i over the line y = x gives the arctic curve for
k-tilings of the Aztec diamond when t = 1/t for color i.

Proof. Recall Definition 4.4.1. Using Lemma 4.4.8 and letting ¢ = (’;)(m“), we have

2
. _ ,# interactions in T' # interactions in S
p(T;to) = tg / Zto
S

__,c—# interactions in ¢(T") c—# interactions in ¢(S)
= t; DX
S

__ ,—# interactions in ¢(T) —# interactions in ¢(S)
=1 / Z to
S

— (1/t0)# interactions in ¢(T)/ Z(l/to)# interactions in ¢(S)
S

# interactions in ¢(T' # interactions in S
= (1/t) Sy (1/t)
S

= p(o(T); 1/1,).

Let f(x,y) = 0 be the arctic curve when t = ¢, for color 7, meaning that for all € > 0,

lim Z p(T;ty) =1
M7 st AL T)
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where A(f,T) is the condition

{((2,y) € ADu : f(z,y) > e}m(%ADm) C Po(T)) C () € ADuy : f,y) > —€} .

Let g(x,y) = 0 be the result of reflecting f(x,y) = 0 over y = x. Then A(f,T) if
and only if A(g, ®(T')). Thus

lim ) p(Tilft) = lim ) p(®(T);1/1o)

T st A(g,T) T st. Alg, &(T))
= lim Z p(T;ty) =1
M7 st AT
so g(z,y) is the arctic curve when ¢ = 1/¢, for color i. H

See Figure 4.17.

Remark 4.4.10. In this chapter, we have computed the arctic curves for k-tilings
of the Aztec diamond when t = 0,1 and t — oo. Qur current techniques do not
generalize to any other values of t. We leave it as an open problem to compute the
arctic curves for the k-tilings of the Aztec diamond for other values of t. See Figure
4.18 for an example with t = 5.
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Figure 4.17: Top: Simulation of a rank 128 Aztec diamond for ¢ = 3. Bottom:
Simulation of a rank 128 Aztec diamond for ¢ = 1/3.

Figure 4.18: Simulation of a 2-tiling of a rank 256 Aztec diamond for ¢ = 5. Note
the formation of a cusp along the South-East boundary of the Aztec diamond.
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Appendix A

Lozenge tilings of the hexagon

We tile the plane with equilateral triangles with side length one, either pointing
up /\ or pointing down \/; we shade the former white and the latter gray. The
a X b X ¢ hexagon is the following region in R>.

b

(The coordinate axes are in red. The y-axis goes through the midpoint of the bottom
edge of length b, and the x-axis goes through the intersection of the leftmost edges
of lengths a and c.) A lozenge is a pair of two triangles sharing an edge. There are
three types of lozenges:

Type 1l Type2 Type3
N AVAN

A lozenge tiling of a region is a partitioning of the region into non-overlapping
lozenges, and a k-tiling is a k-tuple of lozenge tilings. We will consider k-tilings
of the a X b X ¢ hexagon.

Much is already known in the case kK = 1. The asymptotic behavior of lozenge
tilings of the sa X sb X sc hexagon (for fixed a, b, c) when s — oo exhibits an arctic
curve phenomenon, similar to that of domino tilings of the rank m Aztec diamond
when m — oo (Theorem 4.1.2).
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Theorem A.0.1 ([19]). For each a, consider a uniformly random lozenge tiling of
the a X a X a hexagon H, scaled by a factor ofg in each axis to fit into the limiting
2 X 2 X 2 hexagon H. and let P, be the image of the polar regions of the random
tiling under this scaling transformation. Then, for all ¢ > 0, as a — 00,

2
{(x,y)eHoo:a:2+y2>3+e}r‘|(aHa>CPac{(x,y)eADoo:x2+y2>3—e}

holds with probability tending to 1.

See the tiling on the left of Figure A.2 for an example. In the rest of this section, we
say that the arctic curve of the a X a X a hexagon is the circle

x2+y2:3.

More generally, the arctic curve of the a X b X ¢ hexagon (where we take a uniformly

random lozenge tiling of the sa X sb X sc hexagon scaled by i in each axis and then

take s — 00) is the largest inscribed ellipse (in the limiting 2 X %b X % hexagon) [18].
We define the weight of a tiling T" of the a X b X ¢ hexagon by

a+c

lozenges in T of type 2 in row 4
w(T) = | |m# & P

7
=1

where we label the rows of triangles 1,...,a + ¢ from bottom to top. There is a
weight-preserving bijection between LC(W,..(X)), where X is the partition (b") and
A is the 1-tuple (A), and lozenge tilings of the a X b X ¢ hexagon.

a+c -

a b

b
To construct this bijection, we map paths to lozenges via
7 & =7 "’
] N~ N~ &~
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and then remove all frozen sections of paths (that is, the first i — 1 steps of the i-th
rightmost path, which must be vertical steps, for all i € [a]). For example:

We define the generating function for lozenge tilings of the a X b X ¢ hexagon to be
Za,b,c(Xa+c) = Zw(T)
T
where the sum is over lozenge tilings of the a X b X ¢ hexagon. Using this weight-
preserving bijection, we get

Za,b,c(Xa+c) = Spe) (Xa+c)'

Now fix the number of colors k. We can extend this bijection to a bijection between
LO(W,,.(X)), where X = ((b™)F), and k-tilings of the a X b X ¢ hexagon as follows.
Map paths of each color to colored lozenges as described above. Note that in terms
of the lozenges, we get a power of ¢t for every interaction, where an interaction is a

pair of lozenges of the form
T

when blue is a smaller color than red. We define the weight of a k-tiling T" to be
k
w(T) — w(Tl, o ,Tk) - t#lnteractlons inT l_[ w(T,Z)
i=1

and we define the generating function for k-tilings of the a X b X ¢ hexagon to be
k
200 (Xoeeit) = Y w(T)
T

where the sum is over k-tilings of the a X b X ¢ hexagon. Then this bijection is
weight-preserving, so we get

Z(k)

a,b,c

(Xa+c; t) = ‘C)\(Xa+c; t)

First, we consider a symmetry of the k-tilings.
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Proposition A.0.2 ([20, Prop. A.2]). Reflecting over the y-azis and reversing the
order of the colors gives a bijection between k-tilings of the a X b X ¢ hexagon and
k-tilings of the ¢ X b X a hexagon such that a configuration with (S)(ab —bc) +
interactions maps to a configuration with j interactions.

Proof. Let ¢ be the bijection described in the statement of the proposition. Note
that every tiling of an a X b X ¢ hexagon has ac lozenges of type 1, bc lozenges of type
2, and ab lozenges of type 3. Under ¢, lozenges of type 2 map to those of type 3 and
vice versa, while those of type 1 stay the same.

Consider any pair of colors a < 5. We'll draw color « as blue and color g as red.
Consider the 2-tiling (7,,T}3). Recall the lozenges that give an interaction are

A
) (& )+ ) -

since the number of blue lozenges of type 3 is ab. Rearranging we have

) (& )+ () a

The lozenges in (T, Tj) that will count as an interaction after applying ¢ are of the

form
7

Similarly to the previous calculation, we have

#(N)Jr#(@):bc—#(M)- (A.2)

Subtracting (A.2) from (A.1), we see that the difference in the number of interactions
is constant, and in particular, it is ab — be. Doing this for every pair of colors a <
gives the result. O

Note that

Similar to the Aztec diamond, for special values of ¢t we have bijections with
1-tilings.
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Proposition A.0.3 ([20, Prop. A.3]). There is a bijection between 2-tilings of the
a X b X ¢ hexagon at t = 0 and lozenge tilings of the 2a X b X (¢ — a) hexagon. (If
a > ¢, then there are no 2-tilings of the a X b X ¢ hezagon att = 0.)

Proof. In terms of the vertex model, we need to exhibit a bijection between lattice
configurations of W,,.((b")?) at t = 0 and lattice configurations of W,,.((6°*)"). A
similar sliding argument as in Section 4.4 works again.

More precisely, let blue be color 1 and let red be color 2, and label the paths
of each color 1,..., a by starting column from left to right. Shift red path ¢ right ¢
columns, and shift blue path ¢ right by ¢ — 1 columns. We claim that now the paths
are non-intersecting.

We can see this by first noting that when ¢ = 0, red path ¢ must be weakly right of
blue path 7; they start at the same place, and the blue path can never exit right in a
vertex in which the red path is present, as this would give a factor of ¢. Furthermore,
a blue path cannot exit right in a vertex in which the red path exits right. Therefore,
after the shifting, red path ¢ is strictly right of blue path i.

Next we see that red path i is also strictly left of blue path ¢ + 1; the red path
starts and ends strictly left of the blue path, so if the two paths ever share a face,
the blue path must eventually exit right in a vertex in which the red path is present,
resulting in a factor of ¢. Therefore, after the shifting, red path 7 is still strictly left
of blue path i + 1.

Thus, after the shifting, red path i is strictly between blue paths i and i + 1.
Clearly this process is reversible. O

See Figure A.1 for an example. A similar result holds for k-tilings.

Proposition A.0.4 ([20, Prop. A.4]). There is a bijection between k-tilings of the
a X bXxc hexagon at t = 0 and lozenge tilings of the ka X bx (¢ — (k —1)a) hexagon.
(If (k — 1)a > ¢, then there are no k-tilings of the a X b X ¢ hexagon at t = 0.)

From this we can calculate the arctic curve when ¢ = 0.

Theorem A.0.5 ([20, Thm. A.5|). When t = 0, the arctic curves (for both colors)
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| |
/\/N /\/)\ /\/N
YAV ivi %)/\ /
NI T NN

\ ivinvia’h aAA)
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N4

Figure A.1: Example of the bijection between the 2-tilings of the 2 X 3 X 3 hexagon
at t = 0 and tilings of the 4 X 3 X 1 hexagon. The top gives the bijection in terms of
lattice path, while the bottom gives the lozenge tilings.

of the 2-tilings of the a X 2a X 3a hexagon are given by

22+t =3, <0, L<ys<y3
(x+1)° +4° =3, xz—l,—?)SyS—?
~<@>2+92=3, r<-1, —V3sys<-9

(More generally, for k-tilings of an a X ka X (2k — 1)a hezagon, the arctic curve can
be worked out similarly.)

Proof. The arctic curve for lozenge tilings of the 2a X 2a X 2a hexagon is the circle
2+ y2 = 3 (Theorem A.0.1). Using this arctic curve, we can derive the arctic curve
for 2-tilings of the a X 2a X 3a hexagon at t = 0, using the bijection from Prop. A.0.3
(as in Theorem 4.4.6). O
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See Figure A.2 for an example of the arctic curves for 2 colors and ¢ = 0.

Figure A.2: A simulation and computed arctic curve of a 1-tiling of an 100X 100X 100
hexagon (left) and a simulation and computed arctic curve for 2-tiling a 50x 100X 150
hexagon with ¢ = 0 (right). The colors of the arctic curve show which pieces map to
each other under the bijection.

We can also work out the case when ¢ — oo. Unlike the Aztec diamond (Lemma
4.4.8 and Cor. 4.1.5), the mapping in this case takes a different form than that of
t = 0. First, we need a small lemma.

Lemma A.0.6 ([20, Lemma A.6)). Consider a configuration of the lattice W, .((b*)?)
whose weight has the mazimum power of t amongst all configurations of this lattice.
For each color, label the paths of each color 1,..., a by starting column from left

to right. Let rz(lj) be the row in which path i color | takes its j-th right step, for
1 €[a],j €[b],l €[2]. Then

e el 2

(1) (2)
S...Sri,b Srl’bn

Proof. For 2 colors, a white face contributes a factor of ¢ whenever a path of color 1
takes a right step and a path of color 2 is present. In any configuration of W,,.((b*)?),
path ¢ color 1 takes b right steps for all i € [a], hence the power of ¢ in the weight
of the configuration is at most ab. Moreover, the power of ¢ in the weight of the
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configuration

a+c

a b
(where black indicates the presence of both colors) is ab, so ab is indeed the maximum
power of ¢ in the weight of a configuration of W,,.((b*)?).

Consider any configuration of W,,.((b*)?) that achieves this maximum. Since
the power of ¢ in the weight of this configuration equals the number of right steps
taken by the paths of color 1, a path of color 2 must be present in every vertex in
which a path of color 1 takes a right step. Let I;; be the path of color 2 which is
present in the vertex V;; in which path i color 1 takes its j-th right step. We will
show that I, ; = ¢ for all 7, j, hence
2 _ (1) _ @)

(
Tij-1 = Tij =Tij

(where we define rfo) = 0) for all 4, j as required.

Fix 5. To complete the proof, we need to make three key observations.

1. The vertex in which path ¢ color 1 takes its j-th right step is strictly NW of the
vertex in which path ¢ + 1 color 1 takes its j-th right step, for all i € [a — 1].
Thus the sequence of vertices Vi ;,...,V, ; goes strictly NW-to-SE.

2. Given two vertices, one strictly NW of the other, a path of color 2 cannot visit
both.

3. Given «, 8 € [a] with o < 3, path « color 2 starts strictly left of path 3 color
2, hence path § color 2 cannot visit a vertex that is strictly NW of any vertex
visited by path a color 2.

By observations 1 and 2, I ;,..., I, ; are distinct elements of [a]. By observation 3,
we have I, ; < ... < I, ;. Therefore I, ; = ¢ for all 4. O]

Now we can construct the necessary bijection.

Proposition A.0.7 ([20, Prop. A.7]). There is a bijection between 2-tilings of the
a X b X ¢ hexagon when t — 00 and lozenge tilings of the a X 2b X ¢ hexagon.
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Proof. We express the bijection in terms of the appropriate lattices. Let r; ; be the
row in which the ¢-th path of the 1-tiling goes right on its j-th step. Then the
bijection is given by taking

Ti2j-1 = T,E’lj) and Ti2j = Tz(fy)
The previous Lemma A.0.6 ensures this is a valid configuration of paths. O
More generally, a similar argument holds for k-tilings.

Proposition A.0.8 ([20, Prop. A.8]). There is a bijection between k-tilings of the
a X b X ¢ hexagon when t — 00 and lozenge tilings of the a X kb X ¢ hexagon.

By reversing this bijection, we can compute the arctic curves for k-tilings of a par-
ticular hexagon when ¢ — o0.

Theorem A.0.9 (|20, Thm. A.9]). The arctic curves (for both colors) for 2-tilings
of the 2a X a X 2a hexagon when t — 00 are given by

(2 2 v v
zt+y =3, rs-3 —Pcy<
2
- 2
(W) +y = 3’ T < _%’ <qy <

Bo<y<y3

2

2

(@)Hf:?), vz-1 L<y<y3

(z+1)° +y° =3, xzé, —? y< L
<

2
(@)Hﬁﬂ, rz-1 —3sys-B
z+V3, 2 2

(%) +y =3, xs-—3 —\/§Sys—§

(More generally, the arctic curves for k-tilings of the kaxXaXka hexagon whent — 0o
can be worked out similarly.)

Proof. Prop. A.0.7 gives a bijection between 2-tilings of the 2a X a X 2a hexagon when
t — o0 and 1-tilings of the 2a X 2a X 2a hexagon. Rescale both hexagons by a factor
of i in each axis. Now each lozenge has side length i; moreover, the 2a X 2a X 2a
hexagon has sides of length 2 and is centered at (z,y) = (0,0).

Consider a 1-tiling of the 2a X 2a X 2a hexagon, which we will think of inter-
changeably as paths and lozenges. We label the paths 1,...,2a by starting point
from NW to SE. For all i € [2a], path i of each color starts on the SW side of the
hexagon at

SN R P
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Note that each path will take 2a horizontal steps, with each horizontal step moving
the path i to the right. For path ¢ the center of the j-th horizontal step will occur

along the line
1425 -2

Reversing the bijection from Prop. A.0.7, the (27 — 1)-th horizontal step of path
7 in the 1-tiling will map to the j-th horizontal step of path 7 color 1 in the 2-tiling,
while the 2j-th horizontal step of path ¢ will map to the j-th horizontal step of path
1 color 2. Therefore, the bijection has the following geometric interpretation.

e The y-coordinates of the steps do not change.

o We shift the (25 — 1)-th horizontal step of path 7 in the 1-tiling to the right by
j%l to get the j-th horizontal step of path i color 1 in the 2-tiling.

e We shift the 2j-th horizontal step of path 7 in the 1-tiling to the right by i to
get the j-th horizontal step of path 7 color 2 in the 2-tiling.

We can use this to see how to map different sections of the arctic curve.

For example, consider path 1 in the 1-tiling, which starts at (z1,y;). The trajec-
tory of this path gives the boundary between the upper frozen region of lozenges of
type 2 and the disordered region. In the 1-tiling, this portion of the arctic curve is
given by

3
x2+y2=3,x50,§5y5\/§.

As stated above, to get path 1 color 1 we shift the (2j — 1)-th horizontal step in the

1-tiling to the right by J%l Since in the 1-tiling this horizontal step lies along the

line y = V3(z + 2 — %), we have j%l = é(6 + 3z — V3y) + O(%) Thus the map
from path 1 of the 1-tiling to path 1 color 1 of the 2-tiling is given by

(2,y) <$ (6430 - ﬁy),y) - (é(Bx +V3y - 6),y)

up to terms that go to zero as a — ©o. Inverting this we see that this portion of the
arctic curve for color 1 is given by
2
(61‘ — \/gy + 6) 2
— | +y =3
3
The analysis for path 1 color 2 works the same. This gives the second case in the
statement of the theorem.
The other portions of the arctic curve can be done similarly. ]
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See Figure A.3 for an example.

Figure A.3: A simulation and computed arctic curve for 2-tilings of the 100 x50 X% 100
hexagon for large ¢ (¢ = 100).

Prop. A.0.4 and Prop. A.0.8 can also be used to derive some properties of the
generating function Zéfcb{C(Xa+c; t) in the specialization z; = ¢ for all i € [a + c].

With this specialization, the weight of a lozenge tiling T is qVOI(T), where vol is the

“volume” of a lozenge tiling (which corresponds to the size of the associated plane
partition). Thus

(k) a+c—1 # interactions in T' f: vol(T;
Za,b,g(LQ?" 7q+ ;t)zzt qZ vell )-
T
In the case k = 1, a classical result of MacMahon [44] states that this equals

a

(=)o l—[b 1-¢
a+c—1 a -
Za,b,c(lacb"'?q )=q2 _

Thus, in the case t = 1, we have

(k) +e-1 +e=1y\F _ k(2D T 1—g" '
Za,b,c(LQ?"'aq ;1)=(Za,b,c(1aQ7"'7q )) =q " ‘ HW .
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When ¢ = 0, we can use the bijection in Prop. A.0.4 to conclude

) n . k(a)b ka b 1 __qc—(k—l)a+z+]—1
Z5 (g, T0) = Zhapemtetya(1, g5 -, ¢ ) =g - .
abc( q ) = Zap (k-1) (1,q q )=q l;[j=1 1= gt

We leave the computation of Zz% (1,¢,...,¢""7":t) as an open problem. This is a

a,b,c
polynomial in ¢ of degree (2)ab. Using the bijection in Prop. A.0.8, we know that
its leading coefficient is

a _ c+z+ 1
ész@c(17Q7"'7qa+c ! I_] I_] ( _ z+]]1 )'

=1 j=1

Note that
a+c—1

(k a+c—1
22120(17Q)"'7q ;t) = L%(Hwk)(17Q7"‘7q N ;t)

and in particular, setting ¢ = 1,

Z(k)

a,b,c

(177 8) = Loy (175 1).

A table for small values of a,b,c and ¢ = 1,k = 2 is presented in Table A.1.
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Generating function
3t+1
6t + 3
10t + 6
5t + 3t + 1
15t% + 15t + 6
35¢% + 45t + 20
3t(2t + 1)
20t° + 15t + 1
50t° + 45t + 5
£(15¢> + 15t + 6)
105¢" + 175¢° + 104¢% + 15t + 1
490t" + 1050¢° + 770£° + 175t + 15
(10t + 6)
56(10¢% + 9t + 1)
175¢% + 189t + 35t + 1
(35t + 45¢ + 20)
£2(490¢* + 1050¢ + 770¢% + 175¢ + 15)
4116t° + 11340t° + 10689t + 3850¢° + 594> + 35t + 1

NN = = DN FEFDNNDDNDNRF==oO

W N WK W WN WD WO

W W W WwwWwWNNNDNINIRNR R~ = =/ —|®

Table A.1: Generating functions of 2-tilings of the a X b X ¢ hexagon
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Appendix B

Equivalence of algebraic and
graphical definitions for the L and
M vertices

Recall the algebraic definition of the L matrix:
(k) i |L| (L, I+J)
A+
La: (17 JuKaL) = 1I+J=K+Ll_[]-]i+Ji#2 * T tSD .
i=1

Due to the factor of 17, 5-g+r ]_[le 1,4 .42, in order for the weight to be non-zero,
we require I; + J; = K; + L; and I, + J; # 2 for all i € [k]. In terms of our graphical
interpretation, this means that each color must have one of the following five forms.

3 ]

A B C D E

Note that L; = 1 if color ¢ has form B or C (i.e. color i exits right) and 0 otherwise.
Also note that I; + J; = 1 if color i has form B, C, D, or E (i.e. color i is present)
and 0 otherwise. Assuming each color has one of these five forms, the weight is

k k k k
AP Iy Y Ly Vi (L X (4 75) ﬂ ppLi=in(i+T5) | | 2t
1<i<k 1<i<k
L;=1 color 7 exits right

where §; is the number of colors greater than ¢ that are present. It is easy to see that
this matches the graphical definition of the L matrix.
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Now recall the algebraic definition of the M matrix:
P K ) =HM0 (g K L)

where T = Wl,l In order for M;k)(I, J, K, L) to be non-zero, we need Lék)(I, J,K,L)
to be non-zero, which requires each color to have form A, B, C, D, or E. Assuming
each color has one of these five forms, the weight is

k(%) ) k,(* I s
ARSI N S AP —it
1=<i<k

color ¢ exits right
ptq

which has the form z"t" for some p, q € Z. We see that

p = k — # colors that exit right = # colors that don’t exit right

and
k
a=\o|+ )y &= ) (k=1
1<i<k 1<izk
color i exits right color i exits right
=y 1+ > 1- D D W
1=<i<j<k 1<i<j<k 1=<i<j<k 1<h<i<k
color 4 exits right color 14 exits right color ¢ exits right
color j is present
=y 1+ > 1- ) D Y
1=<i<j<k 1<i<j<k 1=<i<j<k 1=<i<j<k
color ¢ exits right color i exits right color j exits right
color j is present
(0=14+0-(14+0) ¢ right, j not present
1=1+4+1-(1+0) iright, j present but not right
.y 0=1+1-(1+1) iright, j right
_1 — | 1= 1+0-(0+0) 4 mnot right, j not present
<1<y
’ 1=1+0-(0+0) ¢ not right, j present but not right
| 0=1+0—-(0+1) i not right, j right
= Z Q; + Z Bi
1<i<j<k 1<i<j<k
color 7 doesn’t exit right color % exits right
where

a; = # colors j > ¢ that don’t exit right,
B; = # colors j > i that are present but don’t exit right = # colors j > ¢ that exit top.



APPENDIX B. EQUIVALENCE OF ALGEBRAIC AND GRAPHICAL
DEFINITIONS FOR THE L AND M VERTICES

Thus the weight is

2Pt = ﬂ ot ]_[ 9,

1<i<j<k 1<i<j<k
color ¢ doesn’t exit right color ¢ exits right

It is easy to see that this matches the graphical definition of the M matrix.

154
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Appendix C

Proof of Lemma 3.2.13

Throughout this section, whenever we consider a skew shape a/f, we assume «
and 8 have the same number of parts ¢(«/3). Moreover, using Remark 3.2.3, we
can take the Maya diagrams of o and 3 to have the same length. We let fi.(a/f)
denote the k-quotient of a/S.

Let A\/u be a skew shape and let A/ = fr,(\p) = (A(O)/u(o), . ,)\(k_l)/p(k_l))
be its k-quotient. Let

T € SSRT,(Mp) & T = (T, ..., 7% ) € $SSYT, (A /p)

via the Littlewood k-quotient map. We want to prove the following two claims.

1. A ribbon in T labelled 7 corresponds to a cell labelled 7 in T', so the number of
ribbons in 7" labelled 7 equals the number of cells labelled i in T'.

2. Two ribbons R, R' in T whose tails u,u have the same content modulo k
correspond to two cells v, v’ in the same shape in T'. Moreover, in this case,

c(u) — c(u) '
— = c(v) —c(v).

We begin by discussing Maya diagrams and content lines. Let o/ be a skew shape,
and let (ag,...,as_1), (by,...,bs—1) be the Maya diagrams of «, 3 respectively. Given
a cell u in a/ B, we define its adjusted content to be

ac(u) := c(u) + L(a/B) = 1,

where c(u) is its content. The following facts are straightforward to show.
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(A) The skew shape a/( consists of a single cell w iff a; = b1 = E, a;41 = b; = S,
and a; = b; for j # 4,7 + 1, for some 7. In this case, if u is the single cell in
a/ B, we have ac(u) = 1.

(B) The skew shape a// 8 consists of a single ribbon iff a; = by, = E, a4 = b; = S,
and a; = b; for j # 4,7+ k, for some ¢. In this case, if u is the tail of the single
ribbon in /3, we have ac(u) = 1.

The claims will follow from the following lemma.
Lemma C.0.1. If \/p is a k-ribbon, then |X/pu| =1 i.e. X/p consists of a single

cellv. Let u be the tail of the ribbon in A\ and write ac(u) = gk+r where 0 < r < k.

(r)

Then v appears in )\(T)/M and has adjusted content ac(v) = q.

Proof of Lemma C.0.1. Let u be the tail of the ribbon \/u. Let

(a07 s >as—1)a (b07 s >bs—1)

be the Maya diagrams of ), i respectively. By Remark 3.2.3, we may assume ¢ = s/k
is an integer. By Fact B, for some ¢, we have

ac(u) = t;a; = by = E; a4, = b; = S; and a; = b; for j # 4,0 + k.

Let (aé‘j), e ij)l) (b(]) e bij;)l) be the Maya diagrams of A, ;¥ 1 respectively for

each j. By the definition of the k-quotient map, we have a;’ g = ai4; and b’ = = bij+j
for each j and [. Since a; = b, for j # 4,71 + K,

(aéj),..., ,E])l)—(b(j) .. (]))fOI‘]#:?“

and thus A\ = u(j) for j # r. Since a; = by, = E, a;4, = b; = 5, and a; = b; for
j#Fii+k,

(T) b((;r)l = F, E;:)l = b(r) S; and ay) = by) for j #q,q¢+ 1.

Thus, by Fact A, A /4 has a single cell v with adjusted content ac(v) =¢q. O

We now prove Claim 1, using Lemma C.0.1. Suppose there are m ribbons
Ry, ..., R, labelled ¢ in T'. Then we can construct a series of partitions

04(0) = Asic1y- - 704(m) = A
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such that a(j)/&(j_l) = R, for each j € [m]. Using the lemma,

m

[Qail a0l = 1@ [al )] = ) @@ 1% ) = ) 1B =) 1=m.

J=1

However, by the definition of the Littlewood k-quotient map, fi,(A<;/A<i—1) (lying
inside A/p) consists of exactly the cells labelled 7 in T, so there are m cells labelled
1in T

We now prove Claim 2, again using Lemma C.0.1. Write ac(u) = ¢k + r and
ac(u') = ¢'k+r', where 0 < 7,7 < k. Since u and «' have the same content modulo k,
they have the same adjusted content modulo k, hence r = r'. Thus, by the lemma,

both v and v' appear in the same shape in T', namely 7" = 7). Moreover, again
using the lemma,

c(u) ;C(u) _ ac(u) ;ac(u) =q—q =ac(v) = ac(v') = c(v) = c(v').






