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Vertex models for Canonical Grothendieck

polynomials and their duals

Ajeeth Gunna & Paul Zinn-Justin

ABSTRACT We study exactly solvable lattice models associated to canonical Grothendieck poly-
nomials and their duals. We derive inversion relations and Cauchy identities.

1. INTRODUCTION

Grothendieck polynomials were introduced by Lascoux and Schutzenberger in [10]
as representatives of K-theoretic Schubert classes in flag varieties. Their connection
to quantum integrability was noticed as early as [3], though it took some time to
reformulate Grothendieck polynomials in the context of exactly solvable lattice models
[19], where quantum integrability is most explicit. Recently, a large literature has
developed around these ideas [2, 7, 13, 14, 15]. In this work we focus on symmetric
Grothendieck polynomials (also called stable Grothendieck polynomials), i.e. the ones
that are related to the K-theory of Grassmannians [1], though we expect many of our
ideas to be applicable to more general (partial) flag varieties. We also consider their
duals, in the sense of product /coproduct duality.(!) We propose some new formulations
of both Grothendieck and dual Grothendieck in terms of certain “bosonic” exactly
solvable lattice models.

Let A be the ring of symmetric functions. Even though the elements of A are not
polynomials, by abuse of language we shall refer to them as polynomials, identifying
a symmetric function F with the corresponding symmetric polynomial F'(z1,...,z,).
Schur polynomials sy (where A runs over all partitions) form an orthonormal basis of
A under the Hall inner product. The involution map w, which sends ey (elementary
symmetric polynomials) to hy (complete homogeneous symmetric polynomials), maps
s\ to sy where X is the transpose of A. Let A be the completion of A, which is
obtained by allowing infinite linear combinations of sj.

Grothendieck polynomials G are non homogeneous symmetric polynomials; with
the appropriate choice of variables, G, = sy + higher order terms. When the number
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(DThese should not be confused with the dual Grothendieck polynomials that are e.g. considered
in [15]. The latter are dual w.r.t. the natural scalar product of K-theory. In contrast, ours are dual
w.r.t. the Hall inner product.
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of variables grows, their degree grows, so they must be considered as elements of A.
The structure constants c§ , defined by

Gr\Gu=> Gy,

satisfy ciiw = ¢, [4, Ex. 9.20]. However the image of G\ under w is not G/. This
implies that the family of polynomials w(Gy/) has the same structure constants as
Grothendieck polynomials. We shall not be dealing with structure constants in this
paper, reserving them for subsequent work [5] and only mention them as motivation
for what follows.

In [8], Lam and Pylyavskyy defined dual Grothendieck polynomials (gy) as certain
generating functions of reverse plane partitions. These polynomials are dual to G

under the Hall inner product, and are of the form gy = s) + lower order terms.
Similarly to Grothendieck polynomials, the image of gy under the involution map is
not gy-.

In [16], Yeliussizov introduced a two parameter version of Grothendieck polynomi-
als and their dual, which he called canonical Grothendieck polynomials and dual stable
canonical Grothendieck polynomials. For more detailed combinatorial properties and
definitions we refer the reader to [16]. Canonical Grothendieck polynomials and their
dual satisfy the following relations:

w(Gg\@ﬁ)) _ Gg\/?’,a) w(gg\a’ﬁ)) _ g/(\@,u)'

In this paper, we shall study two types of vertex models, based on the way partitions
are encoded, for both Gg\a’ﬁ) and gg\a’ﬁ). We call a vertex model a row model (resp.
column model) when the partitions are encoded by row (resp. column) multiplicities.
Section 2 is devoted to the former, Section 3 to the latter. All the models studied in
this paper appear to be new (see also [14]).

We then introduce (Section 4) generalised Grothendieck polynomials which are ob-
tained by attaching additional variables to the vertical lines of the underlying lattice
model. Along the process, we recover the generalised dual Grothendieck polynomials
defined by Yeliussizov [18].

In Section 5, we show that the transfer matrices of these lattice models satisfy re-
markable inversion relations. These show a deep connection between row and column
lattice models, thus embodying the involution w at the level of transfer matrices. This
should be reminiscent of similar relations satisfied by the usual free fermionic vertex
operators related to Schur functions (see e.g. [20], or [19] and references therein);
indeed, our transfer matrices can be thought of as deformations of these vertex oper-
ators.

Finally, in Section 6, we show how “quantum integrability” in the form of RLL
relations immediately implies the Cauchy identities

—Q,— a, 1
(1) ZGS\ ) B>(m1)$27..-’$m)g§\ ﬁ)(y17y27"‘)y’ﬂ>: H [ —
A

1<icmijen 1 iV
(2) Zngﬂﬁa)(xl,xQ,...,xm)gg\a’ﬁ)(yl,yg,...,yn) = H 1+ zy,)
A 1<i<m,1<j<n

for (generalised) Grothendieck polynomials and their duals. By specializing o = 0
and 8 = 1, we recover the Cauchy identity for Grothendieck polynomials and its dual
[9, 17]. Throughout this paper, o and S are constants and our results hold for all
values, with some intricacies for g = 0.

The appendix contains proofs of the RLL relations.
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2. Row VERTEX MODELS

2.1. DEFINITION OF PHYSICAL SPACE. Let V" be an infinite dimensional vector space
with basis indexed by collections of nonnegative integers (m;);cz., such that only a
finite number of m;s are nonzero; we view it as a subspace of ®ji1 V; where each
Vi = Span(]0),|1),...) has a basis indexed by a single nonnegative integer:
(3) V" = Span {|m1) ® |ma) ® |ms) -+ } m; =0, 4> 1.

We shall identify partitions with basis elements of V. Given a partition A, which
we view as a Young diagram, let |A) be the basis vector with integers

m;(A) = number of rows of size i of A

(hence the superscript r). For example, we identify the partition A = (4,4, 4, 3,1) with
the basis element |1) ® [0) ® [1) ® |3) ®|0) ... of V":

mi  Mmg M3 My My MG ...

All the vertex models studied in this paper follow a general template. In order to
not repeat ourselves, we shall study this model in detail and then skip the general
arguments in other models.

2.2. ROW VERTEX MODEL FOR CANONICAL GROTHENDIECK POLYNOMIALS.

2.2.1. Conwventions. We use the standard diagrammatic formalism to interpret lattice
models in terms of linear operators. We briefly review it here, and fix conventions.

All our lattice models are defined on some domain of the plane which consists of
edges and vertices of valency 4. Edges traverse vertices to form lines, which are given
a certain orientation: in all that follows, the domain is a (rectangular) region of the
square lattice, so that lines can be either horizontal (also called “auxiliary” lines), in
which case they are oriented left to right, or vertical (also called “physical” lines), in
which case they are oriented bottom to top.

To each line is associated a vector space, and juxtaposition of lines corresponds to
tensor product (the order of the factors is the order of the incoming external lines).
These vector spaces come equipped with a basis labelled by the various states that
edges of the lattice model carry. In our case, vertical lines are numbered 1,2, ... from
left to right, and vertical edges carry a nonnegative integer, so that to vertical line
numbered 7 we assign the vector space V; (and collectively they form the “physical
space” V7). Horizontal edges can carry either labels 0,1, in which case we call the
horizontal line fermionic and assign to it a space F' = C? (possibly adding a subscript
to distinguish the various horizontal lines), or it can carry a nonnegative integer
(bosonic line), in which case we call the corresponding vector space W. Graphically,
when the auxiliary line is fermionic, we draw thin lines. When they are bosonic, we
draw thick lines.
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Finally, an important convention is that we transpose all linear operators in order
to facilitate reading expressions from left to right; this means that if incoming lines at
a vertex form A® B and outgoing lines form C'® D, then to the vertex is associated a
linear operator from C'® D to A® B. We hope that this does not cause any confusion.

2.2.2. Definition of the L matriz. In this subsection, the auxiliary line is fermionic. To
every vertex we assign a (Boltzmann) weight that depends on the local configuration
(i.e. states of the edges) around it. The weights are given as follows:

d —— when a =1,
(4) w, | a »—l» ¢ | =wy(a,b;¢,d) = 0gtb,ctd % when a = 0 and b # 0,
b 1 a,b,c,d =0,

where a,c € {0,1}, and b,d € Zxo.
Let us now represent the vertices graphically with their Boltzmann weights written
below them.

0 m m—1 m+1 m
el T
() 0 m m m m
1 1+pz 1+Bz z z
1—azx 1—ax l—az l1-azx

The corresponding linear operator is the so-called L matrix; it acts on F; ® Vj,
where F; = span{|0),|1)}. Let us first define annihilation and creation operators, ¢;
and qﬁ;r-, acting on the j** factor Vi of V7:

¢jlm)=Im—1)  ¢l|m)=|m+1)
$;10) = 10) -
Then

(6) L ;(x)

1 <5o,m<1 ~ a2) + (1= dom)(1+ B2) (1+ m)@-) |

T 1oz x(b;- T

We shall now define dual L matrices, L*. We obtain L* by flipping the vertices
upside down and replacing 0's with 1’s and vice versa on the horizontal edges.

(7) 1%—@»1 19—1»1 I%WEITLTO 0%:[»1 O%—I»O

m+1 m
1 148z 148z z z
l—azx 1l—ax l—ax l—azx

Then define L* acting on F; ® V; as follows:

. _ 1 x =T¢;r
(®) Lij@) = 1—~ ((1 + Bx)p; So.m(1 — ax) + (1 — Som)(1 + ﬂ@) '

2.2.3. R-matriz and Yang-Baxter relations. Consider the vector spaces Fj, I; where
¢ < j. Then we define a R-matrix which acts linearly on F; ® F} as follows,

a,d
R j(xi, z5) « |a) @ [b) > Ry (@i, 5) |e) ©d) .
c,d where a+b=c+d
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a d
Graphically, we represent the entry RZ’cd as >< . We now give the R matrix
b c

that underpins the integrability of the vertex model presented above. For convenience,
let us represent |0) and |1) of F as empty or occupied:

9)

>< 0 0 0 10 0 o0
0 X X 0 00 WtBny
R;j(z,y) = - (1+8y) € End(F; ® Fy).
! 011- 89 ’
0 0 (TH6y) =
00 0 1/
0 0 0 ><44 !
ij

One recognizes this as the R-matrix of the five-vertex model [6] with spectral param-
eter ﬁ It can be obtained as a limit of the R matrix of the stochastic six-vertex
model where the quantum parameter is sent to 0.(2)

Together with the L;, and L;, matrices, R;; satisfies the RLL relation in End
(FZ ® Fj & Vn)
(10)

Rig,0) Lin () Lin (9) = L) Lim (@) Res w0) | * 5= "7

We skip the proof of the above equation; it is best checked by computer with symbolic
calculation software.

2.2.4. Transfer matrices. We shall now build a vertex model based on the L-matrix
above. It is convenient to depict a single row of the model as in the following picture:

k1 ko ks
w({il,i27...};{khkg,...}): * 0

i1 42 13

where the * on the left means that we are summing over all possible states. Even
though we are considering an infinitely large row of vertices, the weight is uniquely
defined. To see this, fix the labels on the top and bottom. Since there are only finitely
many non zero labels on top and bottom, sufficiently far to the right the horizontal
labels are constant, and we choose them to be 0s. Graphically, we show this by assign-
ing 0 to the horizontal edge on the far right. Then, when the bottom and top labels
are fixed, there is a unique configuration because of the local conservation around
every vertex.

We now define the corresponding transfer matriz T" which acts linearly on V" as
follows,

(1) T(@): i) @iz @ S wlfinsizee. Yi ki kar . }) k) @ k) @ -
k1.,ko...20

() The L-matrices (6) and (8) can presumably be obtained as a similar limit of the R-matrix of

—

Uyq(s1(2)) where the vertical space is a suitable Verma module representation [11].
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One can rewrite it in terms of the L-matrix as

where the vector space attached to the horizontal line is labelled 0 by the subscript,
whereas the vertical lines are labelled 1,2,. ... Here |0) is the basis vector of the hori-
zontal space, whereas (x| is the sum of basis vectors of the dual of the horizontal space.
The limit is entry-wise and is well-defined because of the aforementioned uniqueness
of the configuration.

Similarly, we can define the dual transfer matrices T™:

(13) T*(l’)|21>®‘22>®'—> Z w*({il,ig,...};{kjl,k‘g,...})‘k1>®|k‘2>®-"
K1 kg, 20

where the right boundary is fixed to be 1:

k1 ka2 k3
w*({i1,in, ... b {k1, k2, ... }) = « N
i1 iz 13
Equivalently,
(14) T*(2) = lim (x| Ly (2)Loa(x) .. L () 1)

Throughout this paper we use the same conventions to define transfer matrices.

2.2.5. Commutation relation of the transfer matrices. Observe that the sum of the
entries in a column of the R matrix is always 1. This means that the state which is
the sum of all possible states is an eigenvector of the R matrix with eigenvalue 1. This
property can reinterpreted as the fact that the partition function of a single vertex
with fixed boundaries on the right and free boundary on the left is always 1:

T Xk x ok
Yok >< Ty ok
Consider the product of two transfer matrices, T'(x) and T'(y). Graphically, taking
the product amounts to stacking the two row to row transfer matrices one upon the
other. Observe that the boundary on the left is free and for sufficiently large n, the

boundary on the right is fixed. Recall that an edge with * is a free boundary. Thus
T(x)T(y) is

ki ke ks ki ks

Now multiply T'(x)T(y) on the left by R(x,y), and apply the RLL relation finitely
many times:

i1 i3 G4 15

ki ke ks ka ks - kL ks ke ks
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Y % — 0 Y * 0"

k1 ko ks ka ks - ki ko ks ki ks -

Sufficiently far to the right, we are left with a cross where all edges are labelled 0:

w0><0 z 0 0
Yy 0 0 Yy 0 0

and the corresponding entry of the R matrix is 1. Thus we get T'(y)T'(x):

ki ka2 ks ki ks

2.2.6. Canonical Grothendieck polynomials. Given that the transfer matrices com-
mute, the polynomials defined using them are invariant under permutation of the
variables. It is also easy to see that T(0) = 1, so that these polynomials satisfy the
stability property which makes them an element of A. We now prove that the poly-
nomials defined using T" are canonical Grothendieck polynomials.

Before we prove it, let us recall the branching formula for Gg\a’/j ) from [16, Propo-
sition 8.8]. For a partition A = (Ay, A2, A3, ... ), denote X = (g, A3, ...).

We have

(15) Gg\a7ﬁ)(zla sy T,y xn-‘rl) = Z GEL(X”B) (zla s 7xn)G§\75) (:Cn-i-l)v
A/p hor. strip
and
[A/pl (/)
(16) G(a’ﬁ)(l’) _ T B+ Bx I
A 1-oax 1—oax ’

where r(A/u) is the number of non zero rows of A/u. We shall take this branching

formula as the definition of GE\O‘”@ ).

REMARK 2.1. In order to dispel any confusion, we point out that Gy, (21,...,7n)
polynomials are not the same as skew Grothendieck polynomials G),,. For a

simple counter example, observe that for any partition A, we have G&O;/f)(x) =

r(A/X)
1+ Ba @,
( ) # Gg\/f) (z) = 1.

1—ax
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Let us now look at an example to understand (/). Consider the partitions
A=(4,3,2,1) and p = (3,2,2,1). Then A = (3,2,1) and r(u/A) = 2:

A
_ 1 1 1 1 0
)\/MF:‘ M/)\E
1 2 1 0 0
m

We can alternatively formulate r(u/A) as the number of removable boxes of y that
do not lie in the same column as any box of A/p.

As a consequence of recording partitions with row multiplicities, every vertex with
a non zero label on the bottom edge corresponds to a removable box of u. If a box is
added to the i*" column of p, then the removable box corresponding to that vertex at
site i will be in the same column as the new box. So 7(u/)) is precisely the number
of vertices with zero label on the left edge and a non zero label on the bottom edge.

THEOREM 2.2. The canonical Grothendieck polynomials Gg\a’ﬁ)(x) are given by

(17) G 2y, .. ) = (0| T(x1) ... T(xn) |A)
(18) G (w1, ) = (N T*(z) ... T*(21) |0)

where |\) = Qe Imi(N)), and similarly for the dual state (A|.

Proof. We shall prove (17), and (18) follows immediately as a consequence of the way
we defined the L* matrix. Fix A, then we can just consider the finite transfer matrix
of size \1. Inserting a complete set of states before the final transfer matrix, we have
the following branching formula

G (@, wn @) = O[T (@) . T(wn) i) (] Ta) [A) -

On comparing the branching formula for GE\a”B ) (eq. (15)), it is enough to show
el (x) = (u| T'(z) |\). Recall that for a horizontal strip A/u, we have

M
[/ nl (1/X)
i x 1+ Bz

1—oax 1—ax

Based on the vertices that we used to define T, one easily observes that
(u|T(z)|A) # 0 if and only if A\/p is a horizontal strip. The label 1 on the left
edge at site i amounts to adding a box in the i*"* column from the left. For every
such vertex, we get a factor of :=%—. From our previous analysis, we see that 7(u/ 5\)
is exactly the number of vertices with the label 0 on the left edge and a non zero

label on the bottom edge, where each such vertex has a weight of }ff‘ i O
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EXAMPLE 2.3. For partition A = (1,0) we have the following two possible configura-
tions on the left, each with a unique configuration on the interior.

T2 0 0 1 0

1 1 0 0 0

Therefore,

(.8) _ Ty 1+ Bxo T2
G (xl’x2)_<1—om:1>(1—ozx2 + 1—axs /)’

EXAMPLE 2.4. For partition A = (2,0), we have the following configurations.

T2 0 0 0 0 1 0

1 1 0 1 0 0 0

G\ (w1, 30) =

X 2 1+ Bzs n X1 T2 1+ Bxs n T2 2
1—ax; 1— axy 1—ax; 1— axs 1 — axs 1— axy
EXAMPLE 2.5. For the partition A = (1, 1), there is a unique configuration, where the

overall weight is the polynomial GE(i’lﬁ)) (1, x2).

T2 1 0

1 1 0

(a,B) _ 1 T2
GX (w,w2) = <1—o¢x1>(1—am2)'

2.3. ROW VERTEX MODEL FOR DUAL CANONICAL GROTHENDIECK POLYNOMIALS. In
this section, we consider a similar vertex model as the one introduced in Section 2.2,
but with a bosonic auxiliary line. This means that that we shall associate an infinite
dimensional vector space to the values a horizontal line can carry. The Boltzmann
weights of the vertices are the following:

(19)
d (a+B) Lz +a)pt a>d,
w, | a l ¢ | =w,(a,b;e,d) = batperal B4 1o 0<a<d,
b 1 a =0,

where a,b,c,d € Zyy.
Let W = Span{|j)}jez., be an infinite dimensional vector space, and for 1 <1i < n,
let W; be a copy of W. Then we define an [ matrix which acts linearly on W; ® V; as
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follows:

(20) lig (i) < |a) ® b) = > w(abed) o).

c,d where a+b=c+d
Let w({i1,42,...}; {k1,k2,...}) be the weight of single row of vertices.

ki k2 k3

w({i17i27...};{kl,kg,...}): * l l l l l l l 0 -

11 12 13

We define the transfer matrix ¢ which acts linearly on V" as follows:

(21) t(l‘): ‘11>®|7/2>®’_> Z w({il,ig,...};{k‘l,kg,...})|k‘1>®|k2>®~-~.

k1,ka...>0

As the horizontal lines are bosonic, we represent the r-matrix as a cross of thick
lines . Consider the vector spaces W;, W; where ¢ < j. Define an r-matrix

which acts linearly on W; ® W; as follows:

,d
(22) rij (i, 25) ¢ |a) @ [b) > The (i, 75) [c) @ |d) .
c,d where a+b=c+d

where the entries of r-matrix here are the following:

(23)
0 b>c
1 b=c=0
4 a d 7 =c>0
TZ,’C (z,y) = = atb,ctd

a—d—1

y)(ly) b=0,c#0
T B
y y a—d—1 y

- Z)({1-= = b>0,b<ec
D05 ()

Together with matrices l; , and [;,, r;; satisfies the RLL relation in End W; ®

W; ® V,,) (see Appendix A.2):
(24)

b7 e @
(

i @ i (@) (1) = LWl (@75, 9) | -~

REMARK 2.6. Observe that the r matrix is not defined at 8 = 0. However, the weights
(19) for the l-matrix force all horizontal labels to be 0 or 1 as /3 is sent to zero, and
such entries of the r-matrix are well defined. We shall also study a different model for
gg\a’ﬁ) polynomials when 8 = 0 in Section 3.4.

2.3.1. Eigenvector of the r-matriz. We proceed as in the previous section, showing
the state which is sum of all the possible states is an eigenvector of the r-matrix.
We show this by computing the partition function of a single vertex with fixed right

Algebraic Combinatorics, Vol. 6 #1 (2023) 118
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boundary and free left boundary:

Z(c,d) =

* c

(where ¢, d are non negative integers) is constant and equal to 1.
We compute:

c CcH+d—1i d
Z(c,d)zz
=0 1 c
c+d d 1 c+d—i d d d
= +) +
0 C i=1 (3 C C c
y y c—1 c—1 y y c—i—1 y y
~(-9(-5) +X0-D0-5)  (5)+
y y c—1 y _g c—1 y 7 y
=(-9(-5) w5l 20-5)
B K3

Il
=~ ~~
= =
| \
8] <
N———
/N

By repeating the same argument as in Section 2.2.5, we get the commutation
relation of the transfer matrices,

Therefore, the polynomials defined using ¢ are invariant under permutation of vari-
ables.

2.3.2. Canonical dual Grothendieck polynomials. In order to formulate the branching

formula for gf\a’ﬂ ), we need to establish some statistics on partitions.

For a skew-partition A/u, define

r(A/p) = number of non zero rows,
¢(M\/p) = number of non zero columns,

b(\/u) = number of connected components.
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Let us now recall the branching formula of gg\a’ﬁ ) from [16, Theorem 8.6]. For A, u,
we have

(25) G @, 1) = Y gl @, 20)g5 Y (@),
HCA

where

(26) g3 (@) =
lgr(A/u)—b(A/u)(a + 5)\A/ul—T(A/u)—c(A/u)+b(A/u)xb(A/u)(a + x)c(k//ﬁ—b(*/#)

whenever ;1 C X and 0 otherwise.

We shall use this branching formula as the definition of gf\aﬁ ). Let us compute
some examples to understand the above statistics.
A/p=(4,3,2,2,1)/(2,2,2) A/p=(4,3,3,2,1)/(2,2,2) A/p=(4,3,3,3,1)/(2,2,2)

] ] ]

r(A/p) =4 r(A/p) =5 r(A/p) =5
c(Mp) =4 c(Mp) =4 c(Mp) =4
b(A/p) =2 b(A/p) =2 b(A/p) =1
A A A
1 2 1 1 1 1 2 1 1 0 3 1
0O 3 0 0 0O 3 0 0 0O 3 0 0
I I3 I

Let us unpack the information contained at a vertex. Consider a vertex

d
a -»-l— ¢ | at site i. The label on the left edge a corresponds to adding a

b

boxes to the it" column of p. The label d is the number rows of A\ with size i. We
want to understand number of row of size ¢ in A/u. There are three types of vertices,
b<c, b>d, and b = c. Let us look at the labels on the " column of \/u in terms
of the Young diagrams.

case: b< ¢ case: b > ¢ case: b=-c¢

| SH BN
Loy S A
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From the above pictures, it is evident that the number of non zero rows of size
i in A/p is min(a, d). Also observe that, in the last two cases, the skew diagram is
disjoint. Therefore, the number of connected components is the number of vertices
where b > ¢ or b = c. Finally, the i*" column of A\/u is non zero if and only if some
boxes are added to it, i.e. when a # 0.

THEOREM 2.7. The dual canonical Grothendieck polynomials gA B)( ) are given by
(27) 9P @1, wn) = (O t(@1) . () [N
where |\) = @iey Imi(N)).

Proof. On comparing with the branching formula (25), it enough to show that for
A,

a5 (@) = (ul (@) ]A) -
Recall that for ;1 C A, we have

9 (x) =
BrOVI =B (g 4 §YN =) =00 1) b1 (. )b/,

Let us study the exponent of 5 in (u|t(z)|\). Recall that the number of rows of
size i in A/p is min(a,d). The connected components are recorded by vertices where
b > c. Therefore, by assigning the weight 4% when b < ¢ and 3! whenever b > ¢,
we get the exponent of § in the overall weight as r(A/u) — b(A/p), which is precisely
the exponent of 5 in g(a P )( ). Similarly, by doing the same for the other factors, one
recovers the Boltzmann weights. O

EXAMPLE 2.8. For the partition A = (1,0) we have the following two configurations

corresponding to
0 0 1
0
0
0o o0 0

gg\a’ﬁ) (x1,22) = x1 + To.

O ———
o_o
o_o

EXAMPLE 2.9. For the partition A = (2,0), we have

o 1 o0 o 1 o0 0o 1 0
0] o 1 1]o
T2 0 0 0 0
o |1 0 |9 |o
r1 1
0 0 o0 o 0 0 0o 0 0
(a,B) _ .2 2
gy (x1,x2) = (X1 + @)1 + 122 + (2 + @) = 27 + 2122 + 25 + a@y + T2).
EXAMPLE 2.10. For the partition A = (1, 1), we have
2 0 0 2 0 0 2 0 0
o] o o] o
2 0
20 | % 09 1% |°©
0 0
0 0 o0 0o 0 0 0o 0 0
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(o)

gy (1, x2) = By + ;122 + fr = 122 + B2 + 22).
EXAMPLE 2.11. For the partition A = (2,1), we have

11 11 11 11 11
1]o 1]o oo 0 oo
T2 0 1 1 2 0
20 1% 1y 1 9% 0 1o ) L 1o
1 2 1 1 0 2
0 0 0 0o 0 0 0

) 0 ) 0
gg\a’ﬁ)(xl,xg) = Bx129 + xlxg + (21 + a)x122 + (22 + @) B + (21 + )Py

1
%

3. COLUMN VERTEX MODELS

3.1. DEFINITION OF PHYSICAL SPACE. Recall that we identify partitions with basis
elements of V" by recording row multiplicities. In this section, for the physical space,
we use the same vector space (V") that we used in the earlier section. We shall denote
it by V¢. Even though V¢ and V" are identical, we distinguish them by the way we
identify the partitions with the basis elements.

(28) V¢ =Span{|m{) ® |m$) ® |/m$) ---} m$ >0, i>1.

Given a partition, which we view as Young diagram, let |\°) be the basis vector
with integers

m¢

¢(A) = number of columns of size i of A.

For example, we identify the partition A = (5,4,4,3) with the basis element |1) ®
0)® 1) ®[3) ®[0)... of V

[ ]
v

ms

ol o l o > LT Y

ms

It is useful to note that m$(A\) = mi(\).

K3

3.2. COLUMN VERTEX MODEL FOR CANONICAL GROTHENDIECK POLYNOMIALS.

3.2.1. Definition of L-matriz and R matriz. The main difference of the model consid-
ered in this section from the row model of G&Q’B ) is that the horizontal line can now
carry any non negative integer. For every vertex, we assign the Boltzmann weights in

the following way:

d (1—1@)(1 b=c
(29) w, | a -)-l— ¢ | =wy(a,b;e,d) = Satperd (1—£o¢x)a (%) b c
b 0 b<ece
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where a,b,c,d are non negative integers. Let W = Span{|j)}jez., be an infinite
dimensional vector space, and for 1 <7 < n, let W; be a copy of W. Let V; 2 W be

another copy. Then we define a L matrix which acts linearly on W; ® V; as follows:

(30) Lij(x) : |a) © |b) > w(abied) o).
c,d where a+b=c+d

Let w({i1,42,...};{k1,k2,...}) be the weight of single row of vertices:

k1 ko k=

w({il,ig,...};{k‘l,kg,...}): * 0 -

We now define the transfer matrix 7' which acts linearly on V¢ as follows,

(31) T(m)|ll>®‘12>®'_> Z w({il’i%"'};{klvk%"'})|k1>®|k2>®”"
k1 ,kz... >0

Consider the vector spaces W;, W; where i < j. Then we define an R-matrix which
acts linearly on W; ® W; as follows,

(32) R; j(@i, ;) : |a) ® [b) — > Ry (i, ;) |e) ® |d),
c,d where a+b=c+d

where the entries are:

x a0 when b < ¢

b c

1—ay T —or 0= ax)y otherwise.

Together with Em and ZM matrices, Eij satisfies the RLL relation in End (W; ®
W; ®V,,) (see Appendix A.1):
(33)

Rij(2,y) Lin(2) Ljn(y) = Ljn(y) Lin(z)Rij(2,y) | | = e e

Y

3.2.2. Eigenvector of the R matriz. As in the previous section, we show that the
partition function with single vertex and fixed right boundary and free boundary
condition on the left
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(where ¢, d are nonnegative integers) is constant and equal to 1. We compute:

)
d l d
i X
=0 c+d—i

(e o) 2 (o) + (i)

y—a 1( S—Zg>d 21— ay)\*

it=r) - (A=) +(5ag)
Yyl —ax

By repeating the same argument as in Section 2.2.5, we get the commutation
relation of the transfer matrices:

T(2)T(y) = T(y)T ().
Therefore, the polynomials defined using ¢ are invariant under permutation of vari-
ables.

=1

3.2.3. Canonical Grothendieck polynomials. Given that the transfer matrices com-
mute, the polynomials defined using 1" are invariant under permutation of variables.
We now prove that the polynomials defined using T" are canonical Grothendieck poly-
nomials.

THEOREM 3.1. The canonical Grothendieck polynomials G&O"B)(:c) are given by
(34) G @1, wn) = (0| T(xr) -+ Tlwn) |A9)
where [X%) = @2, [mS ().

EXAMPLE 3.2. Let us observe some examples to understand 7(u/\).

A u=(5,3,1)/(4,2) Mu=(54,1)/(4,2) M u=(5,4,2)/(4,2)
r(n/A) =2 r(p/A) =1 r(n/A) =0
1 3 1 0 1 2 2 0
| | | | |2|1|0|0 1|2|2|0|0
2 2 L0 0 2 2 L0 0 2 2 0 0

Proof. Let us now understand the local configuration of vertices of this model. Con-
d

sider a vertex | a -»-l— ¢ | at site i. The label a corresponds to adding a boxes to
b

it" row of u. By recording the left nodes, we get A/u. Then, in-order to get a hori-

zontal strip, the number of boxes that can be added to i*" row should be at most b.
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When ¢ < b, we have a removable box in i*" row that is not in the same column with

any box of \/u. Therefore, 7(u/\) is precisely the number of vertices where ¢ < b.
Following the reasoning in Theorem 2.2, it is enough to show that (u¢|T'(z)|\°) =

GE\D;/S ) for a horizontal strip A\/u. Recall that for a horizontal strip, we have

G(a’ﬁ) (x) = €T |>‘/M| 1 + Bx T(U/A)
A u 1—ax 1-—ax '

Observe that (u€| T'(z) |A°) # 0 if and only if A/ is a horizontal strip. From the above
analysis and the way Boltzmann weights are defined, the proof is now immediate. [

ExXAMPLE 3.3. For the partition A = (2,0), we have

T2 0 0 1 0 2 0

G(Aa7ﬁ) (1'1) ‘TQ) =

x1 ? 1+ Bxa . T1 T2 1+ Bz2 i T2 2
1—az; 1 — axs 1—az; 1 — axs 1 — azs 1l—axy /)

EXAMPLE 3.4. For the partition A = (1, 1), we have

T2 0 0

T 1 0

(0, 8) _ L1 L2
G (w1, 32) = (1 — ax1> (1 — oza:2>'

3.3. COLUMN VERTEX MODEL DUAL CANONICAL GROTHENDIECK POLYNOMIALS.

3.3.1. Definition of I-matriz and F-matriz. We consider the same vertex model as row

model of gg\a’ﬁ)7 but with different Boltzmann weights. For every vertex, we assign the

Boltzmann weights in the following way:

(35)
d (a+B) 4 1Bx+a)! 0<a>d
w, | a + c | =w,la,b;e,d) =batpetd § o(z+ )t 0<a<d
b 1 a=0,

where a,b,c,d € Zzo. Let W = Span{|j)};ez., be an infinite dimensional vector
space, and for 1 < ¢ < n, let W; be a copy of W. Let V; = W; be a vector space. Then

we define a l-matrix which acts linearly on W; ®@ V; as follows,

(36) ZNU () : la) @ |b) — Z Wy, (a, b; c, d) lc) @ |d) .

c,d where a+b=c+d
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As usual, let w({i1,42,...};{k1,k2,...}) be the weight of single row of vertices.

L.
EERRRE]

We now define the transfer matrix ¢ which acts linearly on V¢ as follows:

(B7) Ha): i) @)@ > wfir,ia,... Yi{ki, ko }) k) @ ko) @

k1,ko...>0

w({il,ig,...};{k‘l,kg,...}) = %

Consider the vector spaces W;, W; where i < j. Then we define a 7-matrix which
acts linearly on W; ® W; as follows:

(38) Tij (i, ;) « |a) @ [b) — > (@i, x5) o) @ |d).
c¢,d where a+b=c+d

where the entries are the following:

i<j
k=1=0

0
1
k l x<y+a>bk k=10
(39)  (wy) = >< = ?Ha
) .
y

Together with matrices l~m and l~]n , Ti; satisfies the RLL relation in End (W; ®
W; ® V,,) (see Appendix A.3).
(40)

7o)l @l (0) = LWy | =TT

3.3.2. FEigenvector of the 7 matriz. We proceed as in previous sections, computing the
partition function of a single vertex with fixed right boundary with the Boltzmann
weights of ¥ matrix. We claim that for any non-negative integers c, d,

* d
Z(c,d) = :><:

c

the partition function is constant and is equal to 1. Let us first consider the case
where d = 0. Then there is a unique vertex as the bottom left entry should be greater
than or equal to ¢ and also should satisfy the conservation. The weight of the unique

configuration is 1.
0 0
Z(e,0) = ><
c

c
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We now compute for the case where d > 0:

d [ d
2ed) =) ><
=0 c4+d—1i

0 d d—1 7 d d d
- X s X+ X
c+d =l c4+d—i c c c
R
Y \T+ o = Y+ Y \y+aoa
d—1 d—1
:(1_x>+x 1_(x+a> +x(az+a>
Y Y y+ta Yy \y+a

Using the argument in Section 2.2.5, we get the commutation relation of the transfer
matrices,

t(2)t(y) = Hy)i(x).
Therefore, the polynomials defined using ¢ are invariant under permutation of vari-

ables.

3.3.3. Dual canonical Grothendieck polynomials. Recall that for a skew-partition A/p,
we have

r(A/p) = number of non zero rows,
¢(A/p) = number of non zero columns,

b(M\/u) = number of connected components.

We shall unpack the information contained at a vertex like we did in the case of

d
row model of g/(\a”g). Consider a vertex | a + ¢ | at site 7. The label on the left

b
edge a, corresponds to adding a boxes to the i* row of . The label d, is the number
columns of A with size i. We want to understand number of columns of size ¢ in A/pu.
There are three types of vertices, b < ¢, b > d, and b = c. Let us look at the labels on
it" row of A/ in-terms of the Young diagram.

case: b < ¢ case: b > ¢ case: b=c
b a b a b a
aasnaeniiaasncanfiianmndan

C

It is evident from the pictures that the number of non zero columns of size 7 in
A/ is min(a,d). Also, observe that the vertices where b < ¢ detect the number of
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connected components. The number of non empty rows in A\/u is equal to the number
of vertices where a # 0.

THEOREM 3.5. The dual canonical Grothendieck polynomials gga’ﬁ) (z) are given by
(41) 9P @y, ) = (0] E(z1) . E () [A)
where |X) = @32, [mé(\)).
Proof. Following the reasoning as in Theorem 2.2, it enough to show that for u C A,
aii () = (1) X
Recall that for p C A, we have
g (@) =
Igr(/\/u)—b(k/u) (a+ 5)/\/u—r(/\/u)—C(/\/u)+b(/\/u)mb(A/u) (a+ x)ﬂ(/\/u)—b(/\/u).

Let us deal the 3 factor in in (u| £(x) |A). Observe that the 3 appears in a Boltzmann
weight of a vertex only when a # 0 and b < ¢. From our previous analysis, we see
that such vertices precisely count r(A/u) — b(A\/u). Similarly, we can check for all the
other factors in (u|£(x) |\). O

EXAMPLE 3.6. For the partition A = (2,0), we have the following three configurations:

2 0 0 2 0 0 2 0 0
0 0 0 0 0 0
T2 0 0 1 0 2 0
20 00 0 10 OO 0 00 00 0
Tl 2 0 1 0 0 0
0 0 0 0 0 0 0 0 0
(e, 8)

gy Nz, xe) = w1 (@1 + @) + x122 + 2222 + ).

EXAMPLE 3.7. For the partition A = (1, 1), we have

T2 0 0 0 0 1 0

Tr1 1 0 1 0 0 0

9\ (@1, @) = Bay + 2122 + fa.
3.4. VERTEX MODEL FOR j POLYNOMIALS.

3.4.1. Definition of | matriz. In this subsection, the auxiliary line is fermionic. Let
1 oF
(12) @ = (gt 0 )

be the l-matrix acting on F; ® V;. Below we represent the entries of [ graphically:
(43)

m m—1 m+1 m 0

0 l 0 0 l 1 1 l 0 1 l 1 1 l 1
m m m m 0

1 1 x T rz+1
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Similarly, we have the dual [* matrices,

* o T+ 50,m x¢j
(a4 Gyt = (7
(49
m m+1 m—1 m 0
1 l 1 1 l 0 0 l 1 0 l 0 0 l 0
m m m m 0
1 1 x T z+1

The R matrix that makes this model integrable is same as (9) with 5 = 0. When
B = 0 we denote this matrix as R(y/z).

10 0 0
o 00 % 0 |
46 i (y/x) = End(F; ® F}).
(46) i =, Ty | EndBeR)
X
00 0 1

ij
The R matrix together with matrices [; and [;, satisfies the RLL relation in End
(Fi ® Fj ® Vn)
(47)

Ry (/)i @) () = Lo (D)l (@) Ry y/2) | | - |

3.4.2. Row-row transfer matrices. We now define the transfer matrix t which acts
linearly on V" as follows:

(48) tx): i) @lig)@--- = Y w({iryin,.. Fi ki, ke, ) k) © ko) @
ki1,k2...20
where w({i1,d2,...}; {k1,k2,...}) is the weight of the single of row of vertices.
ki ks ks
w{iris Y k) = l l l l l l l .
LA |
(1,0)

REMARK 3.8. Observe that the transfer matrix ¢ from row model of g, " and t are
the same.

Similarly, we define the dual transfer matrix t* which acts linearly on V" as follows:
(49)
C@ i@l ®m S w iz b (ki ko ) k) © ko) -,

E1,k2...20

where w* ({41,142, ... }; {k1,k2,...}) is the weight of the single row of vertices made of
the vertices of [*.
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w*({ir, iz, ...}y {k1, k2, .. }) = l l l l l l l N

3.4.3. j polynomials. Recall that we denote dual Grothendieck polynomials by gy,
which is the o = 0 and 8 = 1 specialization of gf\a’ﬂ ). Then the w(gx) polynomials are
called weak dual Grothendieck polynomials and we shall denote them by jy:

. 0,1 1,0
ix = w(ga) = w(g®") = g0,

When £ = 0, the branching formula of gg\a’ﬁ ) reduces to the following [17]:

j)\(xh oy Ty (En+1) = Zj)\/,u(mn+l)ju($l7 v 7xn)7
n

where j/, () is defined as follows,

_ a1 4 )M el=e/i) X\ /1y vert. strip,
IN/ (.13 = .
0 otherwise.
THEOREM 3.9. The dual weak Grothendieck polynomials jx(x) are given by
(50) (@, .o xn) = 0| t(z1) .. t(zpn) X
(51) Ia(@e, . xn) = (A (xy) ... t(21) |0)
where |X°) = Qieq IM§(N)), and similarly for the dual state (X\°|.

Proof. Before we prove (50), let us observe an example to understand the vertices.
For u = (5,4,4,3) and A = (5,5,5,3,1,1),

| ma | ma

® ® > o_ m3 ® * > ._l m3

oo > o_ my ° ® > 0_1 my
] ms — ] msg

| me —eo— > _1 me

o 0o 2 2 o0 1
0‘1‘1‘1‘1‘1‘0
1 0 2 2 0 0
From the example above, observe that having 1 on the left horizontal edge at site

1 amounts to adding a box in row i of the Young diagram of . The number of such
0

vertices amounts to the number of boxes added. The vertex 1 l 1 at site 7 can be

0
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read as adding a box in two successive rows in the same column. So every such vertex
amounts to |A/u| — ¢(A/p). Using similar reasoning as in Theorem 2.2 and with the
preceding analysis, the proof is immediate. O

4. GENERALISED POLYNOMIALS

In this section, we shall generalise the polynomials by introducing additional variables
which are attached to the vertical lines of the underlying lattice model. In order to
do that, we need the R matrix that underpins the integrability of a lattice model
to satisfy the so-called difference property. Usually the difference property refers to
entries of the R matrix being invariant under translation of the spectral variables. In
this paper, we say that an R matrix satisfies the difference property when the entries
are invariant under scaling of the spectral parameters i.e. the non constant entries are
polynomials in ratio of the spectral variables.

4.1. DIFFERENCE PROPERTY OF THE R MATRICES. In this subsection, we study the
difference property of the various R matrices studied in this paper.

4.1.1. R matrices of Row models. Consider the R matrix ((9)) for canonical
Grothendieck polynomials. Observe that when § = 0, it satisfies the difference
property. It also satisfies the property for general o and [ if we consider the spectral

variables to be x instead of x.
1—- Bz
10 0 O
oo Y o
(52) R(y/z) = R(z,y) = r,
011—-=0
T
00 0 1

In the case of gg\a’ﬂ ), the r-matrix does not satisfy the difference property. It is also

not defined for g = 0. Hence, we studied a different model for the case where g = 0.

)

Observe that the R matrix for the vertex model of j) = g)\l,’0 is the same as that

in (52).

4.1.2. R matrices of column models. The R matrix of the column model of Gg\a’ﬂ),

T a0 when b < ¢,
Had _ | 1—-ax 1 when b = ¢,
Rbc (yv'r)_ Y 1 T . b
— when c
l-ay l—azx (1-ax)y

satisfies the difference property when o = 0. It also satisfies the difference property
in general, when we consider the spectral variables to be 7%= and 7 eray instead of z
and y.
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The r-matrix of the column model of gg\a‘ﬂ ).
0 1< j
1 k=1=0
1—k
B
(53) IR ACET
1—— k=0
Y —k
f”(“‘)‘l)(@’*“) k>0
Y \T+ « T+«

satisfies the difference property when o = 0.

4.2. GENERALISED POLYNOMIALS. To summarize, in the case of row models we can

only generalise Gg\a,o) and gg\a,o). Similarly, in the case of column models we can

generalise Gg\o’ﬁ) and ggoaﬁ).

We generalise the polynomials by assigning variables to vertical lines. Let us assign
the variable z; to the i*" vertical line from the left. In any model, the weight of a vertex
formed with the intersection of i*" horizontal line and j** vertical line is defined as
follows:

d

@(mi’zj) a ->-l— c | =w/, \(ab;cd).
=)
Let us name these polynomials.

i) We call G¢ = G~ generalised Grothendieck polynomials.
A A
(i) We call g§ = gg\o,a) generalised dual Grothendieck polynomials.
(i) We call Jy = GS\TQ’O) generalised weak Grothendieck polynomials.
(iv) We call j§ = gg?"o) generalised weak dual Grothendieck polynomials.

When a = 1, we shall drop the superscript.

EXAMPLE 4.1. For the partition A = (1), the generalised Grothendieck polynomial

Ga(z1,21) is ﬂ. For comparison, the double Grothendieck polynomial is x1+y1 (1—x1)
21

[12]. We observe that these two generalisations of Grothendieck polynomials are not
the same.

EXAMPLE 4.2. Let us look at a non trivial example. For the partition A = (3,1) we
have the following three configurations (edges with labels 0 suppressed):

2 1 2 1 2 1
o s 1 L) . 1

2 1 3
T2 2 1 3
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REMARK 4.3. Observe that by setting both a and 3 to 0, we get a generalised version
of Schur polynomials. Generalised Schur polynomials from the row model and the
column model are not the same. Let us denote the generalised Schur from the row
(resp. column) model by s” (resp. s°).

EXAMPLE 4.4. For the partition A = (3, 1), we have

3 2 2 3
X x X X X X
’ 212223 21 Z1%2 Z1%3 21 212223
c ( ) SU% T2 2+ CL"{' To 4 X T2 3
S T1,T9;21,22,...) = —— || — —— || = — = .
(3,1 &2 #1s #25 2179 ) \ 21 2220 ) \ 2, 29 2

s% is a monomial multiple of sy, where the monomial is obtained by recording the
columns of the Young diagram. Similarly, in the case of s§ the monomial is obtained
by recording the rows of the Young diagram.

5. DUALITY BETWEEN COLUMN AND ROW MODELS

In this section, we shall study a relation between the transfer matrix of the row and
column model of Gg\a’ﬂ ). Let us recall the necessary notation from various sections.
The transfer matrices of the row model for GE\Q’B ) are denoted by T, and those of the
column model are denoted by T.

PROPOSITION 5.1 (Inversion relation). The transfer matrices T and T satisfy the fol-
lowing identity:

(54)

Proof. We shall prove the proposition for transfer matrices of size 1 and then apply
induction to the size of the transfer matrices. Assign weights of T'(—z) for the vertex

at the bottom and the weights of T ( ) for the other vertex. Write z for the

vertical spectral parameter.
Observe that when b = d, there is a unique configuration with total weight 1. Now
assume b # d

x
1+(a—B)z

d d
d—b =—— () d—b—1 m—te ()
b + b+1
0—1—0 1—1—0
b b
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When b > 0, )
(528 (m) (256
(1 +a§(§)> <1 —é(“’)) (T—L;E””g)
When b= 0, N

w |n s

] (1—ﬁ<>>+ <1+a§<z>> (1— ())(i%)

In order to apply the induction argument, we need to show that the transfer matrix
of size n 4+ 1 can be written as a multiple of the transfer matrix of size n. Consider a
transfer matrix of size n + 1 where top and bottom labels are fixed.

Ui U2 U3 U4

U1 V2 v3 V4

Ul V2 V3 V4 Ul V2 V3 V4

U1 U2 U3z  Ug U1 U2 U3  Ug

Observe that when the left most boundary is fixed, then the contribution from
the first site is fixed. Therefore, we can move the free boundary condition across the
physical line at site 1. We then apply induction. O

Define 7*(z) € End(V¢) as the adjoint of T(x):
NI T* (@) 1) = (u T() ).

Then the inversion relation between T* and T* follows from the definition of 7* and
the inversion relation of T and T

~ x
55 T(—2)T" | ———— | = 1.
5 = ()

In the case of gf\a’ﬂ ), such an inversion relation does not exist for general o and .
But there is an inversion relation in the case where o = 0 and g = 1. Since we are
concerned with gg\o’l), it is convenient to specialize the Boltzmann weights from the
column model of gg\a’ﬁ ).

d

2\ min(a,d)

W | a -;—l— c | = w(f)(a,b, c,d) = (;) .
b
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Finally, we recall that the transfer matrix ¢ of g% from the row model and the
transfer matrix t of j polynomials are the same. Therefore, graphically we represent
t with fermionic auxiliary line.

PROPOSITION 5.2. The transfer matrices of g/(\l’o) from the row model and transfer

matrices of gg\o’l) from the column model satisfy the following relation:

Proof. The proof is similar to Proposition 5.1. We shall prove the statement for trans-
fer matrices of size 1. When b = d, there is a unique configuration with weight 1 and
when b # d, we have two configurations which add up to 0.

Assume b > 0, then for any fixed v, u, b, d the Boltzmann weights are fixed irrespective
of the right boundary.

We can then simply slide the free boundary condition. Special care needs to be
taken when b = 0. When b = 0, we have the following configurations:

d d d
d+c+1

c+1 A d+c c+1 x\d+1 d+c c 1 x x\ 4
0 =\ 1 =\ 0 = ——-J\Z) -
0 0 z 1 0 z 1 1 27Nz

0 0 0

Observe that in the case of the first configuration, there is a unique configuration
suggesting that the right boundary is not free. But we can get away with it by adding
the weight of the first configuration with the weight of the second configuration. Then

. d . . .
we obtain (1 - f) (f) times the transfer matrix of size n. O

6. CAUCHY IDENTITIES

In this section, we shall prove Cauchy identities involving Gg\fa’fﬁ ) and gg\a’ﬁ ). We
shall prove them by using the commutation relations between various combinations
of the transfer matrices.
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PROPOSITION 6.1. The transfer matriz T*(z) (eq. (13)) from the row model of

Ggﬁa’fﬁ) (x), and the transfer matriz t(y)(eq. (21)) from the row model of gg\a’ﬁ) (y)
satisfy

1

(56) T (@) = =T (#)H)

Proof. Firstly, note that the product of T* and t is well defined only when we as-
sume that the spectral variables satisfy || < 1 which ensures that the terms with
unbounded degree are equal to 0.

The proof is similar to the way we proved that the transfer matrices commute. The
R(z,y) matrix

(57)
l—zy j=k=1:i=1=0
k l Ty k=1=0,i=j5=1
R(z,y) € End(F W), R = \\ ={1-z8 k=1
t J xf k=0
1 i=k=1=j=0

where k,j € {0,1} and 4,1 € Z>¢, together with the L*(x) matrix of Gg\_a’_ﬁ) (x) and
the I(y) matrix of gg\a’ﬁ)(y) satisfies the RLL relation (see Appendix A.4):
(58)

R(z,y) L (2)l(y) = (y)L* (2)R(z,y) € End(FRWRV) z ~ I| — ;c »—l—\

Observe that the sum of all possible states is an eigenvector fA.

m*\ _m*
Yy ok \_y*

Then after multiplying the S3-matrix to T*(z)t(y) and repeatedly applying the RLL
relation we get the following equation:

i1 G2 i3 G4 d5 e i1 G2 i3 G4 15

ki k2 ks ka ks - ki k2 ks ka ks

Given below are the two possible configurations on the right hand side of the equation.

2 i3 G4 G5 v i1 G2 i3 G4 i oo
0 1
0 T ok 0
1 + Y ok 17
1 0
ks ks ks - kv ko ks ks ks -

i1 7
T ok
Yy ok
ki ke 3 5

The partition function of the first configuration has terms of unbounded degree and
hence is 0. Therefore, there is a unique configuration on the right hand side and the

Algebraic Combinatorics, Vol. 6 #1 (2023) 136



Vertex models for Canonical Grothendieck polynomials and their duals

entry corresponding to the cross is (1 — zy).

Jél\O z 1

=(1—
¥y 0 N 1 (1=2y) ¥y 0 0
This implies the desired commutation relation:
T*(x)t(y) = (1 — zy)t(y)T" (x). O

THEOREM 6.2. Canonical Grothendieck polynomials and their duals satisfy the follow-
ing Cauchy identity:

—a— 1
(59) ZG(A » ﬁ)(xl,xg,...,xm)gg\a’ﬁ)(yl,yg,...,yn) = H —_—
A

1— 2y
1<i<m,1<j<n i

Proof. Let
g(xla T2y -3 Tm,Y1,Y2,- - ayn) = <O| t(yl)t(y2) """ T*(LL'Q)T*(.’I}l) |0> .
Then by Theorems 2.2 and 2.7 we get that

g($1,$27 ey Ty Y1, Y2, - 7yn) = ZG&_Q’_@(%»%Q, s 7xm)g§\a,ﬁ)(y17y27 B ;yn)
A

By repeatedly applying the commutation relation of Proposition 6.1, we obtain

1
G(T1, @2, Ty Y15 Y25+ Yn) = H T2, (O] T (1) T (2) - - - t(y2)t(y1) |0)

—
1<i<n, v9I
1<j<m
1
= 11 0
1—xz;y;
1<i<n, iYj
1<j<m

REMARK 6.3. Recall that gg\a’ﬁ ) and Gg\a’ﬁ ) were defined using the branching formulae
(see (15) and (25)). The Cauchy identity then implies that these two families are dual
with respect to the Hall inner product.

We can derive a skew version of the identity if we choose a different vector and
covector. Let
G(@1, 22, Ty Y1, Y25 -, Yn) = (plt(y)t(y2) -+ T ()T (1) [A)

then using the same reasoning as in the above theorem we get the following identity:

ZGV//A(xlvx27 e uxm)gl//)\(yluy27 e 7yn> =

1
H 7ZG;L//V($1"T27"'7xm)g)\/u(y17y27"'ayn)-

1—zy;
1<ign,1<j<m Y 7

We can do the same for all identities in this section but for simplicity we shall stick
to the non-skew identities.

COROLLARY 6.4. Generalised weak Grothendieck polynomials and their duals satisfy
the following identity:

(60)
11 1

o . e . —
E J,\(l‘l,---75'3m,21,2’2,---)]>\(y1,---,Z/m;,;,u-)— -~
b\ L <2 1<i<m 1< <n iY;
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Proof. Observe that when 8 = 0, the non constant entries of R are zy and 1 — xy. If
we introduce the inhomogeneities as zz and y, then the SR matrix remains the same

z
and thereby gives the same commutation relation. Then the proof of the identity is

same as that of Theorem 6.2. d
We now prove the following Cauchy identity:
©6) S 65 V@ e g e v = [ Q).
A I<ism,1<jsn

We can prove this identity by proving a commutation relation between T* and f.
But we shall prove it using the inversion relation from (54).

THEOREM 6.5. Canonical Grothendieck polynomials and their duals satisfy the follow-
ing Cauchy identity:

ZG(ATB7_Q)(I1VI27"'7xm)g§\a7ﬁ)(yl7y2a"'7yn) = H (1+I1yj)
A I<ism,1<jsn

Proof. By substituting —z for « in (56), we get the following relation.

1
ty) T (—x) = T*(—x)t(y).
A C)) T (—2)t(y)
By multiplying T* ($> on both sides and applying the inversion relation
1+z(8—a)

(55), we get the following relation:
~ x 1 ~ T
T\ ————— Jtly) = ——t) T ——————— |-
<1+x(ﬁ—o¢)) ) 1+ay ) (14—3:(6—@))

g(wlazQa"'v':CTHylayQ)"' 7yTH) =

Ottt T (e ) T () O

Then by Theorem 2.7 and the definition of T* we obtain
g(xlaan ey Ty Y1,Y2, - - 7ym) = Z Gg\jﬁﬁia)(xh e 7mn)g§\a7ﬁ)(y17 e 7ym)
A

Let

On the other hand by repeatedly applying the commutation relation we get that
g(xlnya ey Ty Y1,Y2, - - 7ym)

= I e O (o) T (g it @)

1<i<n,
1<j<m

I @+ ).

1<i<n,
1<j<m

COROLLARY 6.6. Generalised Grothendieck polynomials and generalised weak dual
Grothendieck polynomials satisfy the following identity:

(62)
E G’A(xl oy T 21, 22 ...)jk(yl yn'—l 71 ...)—— || (1+xiy-).
)\ ? b b b b b ) 72 ) ) J

1 22 ) .
1<i<m,1<j<n

Proof. Plug in 8 =0 and a = 1 in Theorem 6.5 and use the inhomogeneous transfer
matrices. 0
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THEOREM 6.7. Generalised Grothendieck polynomials and their duals satisfy the fol-
lowing tdentity:
(63)

1 1 1

ZG)\(wlw'wxm;le"7Zm)g)\(y1>"'5yn;77""7) = P
: z1 Zm ) . llfl'iyj

Proof. Recall the commutation relation from Theorem 6.5:

(rrata) 0 = T O ()

In order to apply the inversion relation among the transfer matrices of the dual
Grothendieck polynomials, we need to specialize the above commutation relation with
a =1 and = 0. We then get the following relation:

T*(1xag)t(_y) 1 1xyt(_y)f*(1xz>'

We now multiply the above equation by £(y) and apply the inversion relation (Propo-

sition 5.2):
IE('7”)T*<1 - a:> 1 —1myf (1 - x)f(y)'

The result then follows immediately from the definition of T * and Theorem 3.5. [

PROPOSITION 6.8. Generalised Grothendieck polynomials satisfy
Ga(z1y -y Zm; 215+ -y 2m) = L.

Proof. When @ = 0 and 8 = —1, R and L are same. The R matrix satisfies the
unitary relation (for a proof refer to Appendix A.1.5):

Recall that there are two types of vertices (crossing and elbow) in the column model
for Grothendieck polynomials:

b b

b>c b=c

Consider the model with m rows i.e. Grothendieck polynomial in m variables. We
know that the number of variables restricts us to partitions with highest column
being less than or equal to m. So the only inhomogeneities are z1, ..., zpy.

Recall that the Boltzmann weight of a crossing has a (1 — E) factor. So, when we

z
set x; = z;, the contribution of a configuration to the partition function is non zero
only when the vertices along the diagonal are entirely elbows.
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21 29 23 24 25 21 z2 23 24 25 z1 Zo 23 Z4 25
2 ) z j_) ) z j_)
. dd .
23 = 23 — ... = 23 =1
24 24 24
25 - 25 Zs
Then we get the desired result by repeatedly applying the unitary relation. 0

As a consequence of the above proposition, we recover an identity for generalised
dual Grothendieck polynomials, which is proved by Yeliussizov in [18].

COROLLARY 6.9. Dual Grothendieck polynomials satisfy the following identity:
1 1 1
Z gA(y1>-~~,yn;Za~~~a7): H 11—
I()<m 1 m 1<i<m1<j<n iYj

Proof. Set x; = z; in (63). O

APPENDIX A. RLL RELATIONS

A.1. RLL FOR THE COLUMN MODEL OF GE\O"B). For convenience, let us recall the
Boltzmann weights of the column model of GE\Q’B ) and the entries of the R matrix.

d (1faz)a b=c

60 | e | S moied s ()’ (1) 050

b 0 b<c

where a, b, ¢, d are non negative integers.

x a0 when b < ¢

a d
Rad(y,z) = _|1-oax 1 when b= ¢
5 Yy 1 x

1—ay T —on 0= an)y otherwise.

Let us try to understand the range of g. First observe that whenever a < g,
the summation is 0 because of the R-matrix. Based on the Boltzmann weights, the
contribution of the top vertex is non zero if and only if g+ b — ¢ > ¢’. Therefore, g on
LHS can at most be a’, and it has to be at least ¢’ + ¢ — b. Similarly, on the RHS
we have a +a' —d < .

a+a'—g g

’ a Cl ’ a c
a (&
> =X
a’ c c
g

g=c+c’'—b
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A.1.1. Assume b > c and d > a. Let us now compute the LHS.
O e—ap)\"/ vy \Y = "1+ 8
LHS = (y(l—az))(y(l—az)) (1—ay) <l—o¢x> <l—ozz>+
() (i) () () ()
y(1 — ax) y(1 — ax) 1—ay 1—ay 1—ax
o (1 —ay)\?
Z (m(l—am)) +
g=c+c’—b+1
(i) (=) (25 (2a) (22)
y(1 — ax) 1—ax 1—ax 1—ay 1—ay
B 1+Bx 2 x a+c+c’ —b y d—a
_(l—aa:> (1—043:) (l—ay) '
We compute the right hand side of the equation:
_( y—=z w(L—op)\"" Y @ (148 y \"
RHS‘(yu—ax))(y(l—ax)) (1_%) (1—ax><1—ay> *
-1 a
y—x x(l—ay))g( x >
g—a§d+1 <y(1 - ozx)) <y(1 —ax) 1—ax
(5 () (55)
l—az/\1-oay 1—py
z(1— ay) ¢ T “(1+ Bx Yy o 1+ By
y(1 — ax) 1—oax l—azx/\1—ay 1-py
(14 px 2 x atete’=b y d-a
N (1—a:r) (1—ax> <1—ay) '

A.1.2. Assume a < d and b = c. From the computation of the previous case, we can

1—
get the LH S by multiplying T gx
x

a+c’ d—a
LHS = (152 ° L .
1—azx 1—azx 1—ay

On the right hand side, there is only one case because of the global condition, a +
a+b=c+c +d.

a+c’ a'—c
T 14+ 5z Y
H =
RHS <1ax> (1a:r)(1ay)
B T a+c’ 1_'_6:1; y d—a
- \l—-ax 1l—ax)\1—-oy '

A.1.3. Assumea=d and b > c. RHS of the present case is a " gx
x
RHS of the Appendix A.1.1.

to the LHS of previous computation.

multiple of the
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1 a+c+c’ —b d—a
RS = (00 (= y
1—ax 1—ax 1—ay
1 + ﬁ(E T a+c+c’ —b
l1—ax/\1—-ax '
For the LH S, there is just one valid configuration:
LIS — x y y T 1+ Bz
1—-ax 1—ay 1—ay 1—ax 1—ax
x ata’ + Bz
1—ax 1—-azx
B x a+c+c’ —b 1 + 51'
- \1l—ax l—ax)

In the final step, we substitute a’ = ¢+ ¢’ — b, which follows from the global condition.

A.1.4. Assume a =d and b = c¢. Recall from Appendix A.1.3 that when a = d, there
is a unique configuration on LHS. Similarly, recall from Appendix A.1.2 that there
is a unique configuration on RHS when b = ¢. We have already computed these two
configurations and they are equal.

A.1.5. Unitary relation for the R matriz. The R satisfies the unitary relation:

Y Y

Consider the following configuration:

a b
/><><b/

When a = b and o’ = V', there is a unique configuration with weight 1. Now let us
assume a # b and a’ # b'.

a’'—1

LGRS MO G (O Rl
Grere-2 -
(DO NG) )0
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A.2. RLL RELATION FOR ROW MODEL OF gga‘ﬂ ). We recall the Boltzmann weights
and r-matrix of the row model of gg\a’ﬁ):
(65)
d (a+B) 4 (z+a)s? a>d
w, | a l c | =wyla,b;e,d) = batpera§ B4t 0<a<d
b 1 a=0,

where a,b,c,d € Zxy.
The entries of the r-matrix are the following:

0 b>c
1 =
a d Y —c>0
(66) Tl?j(xa y) = ={* a—d—1
b . (1—3’)(1—%) b=0
X
y y a—d—1 y
1—)(1—) () b>0
( x B 8
d d
9 ct+c'—g
a Cl a C/
d+c' —g _ a/erfg
, =2
g=0 Q ; c g=0 @ c
a+ta" —g g
b b

Before we start proving the relation, let us analyze the cases we need to consider.
Firstly, from the LHS, the weight of bottom vertex is fixed based on whether b < ¢
or b > c. Similarly, on the RHS, the weight of the top vertex is fixed based on the
relation between a and d.

We now look at the cases that arise from considering the entries of the r matrix.
Firstly, the entries of the r matrix on LHS depends on whether ¢’ > 0 or ' = 0.
Similarly, the entry of » matrix on RHS depends on whether ¢ > 0 or ¢ = 0.

In total, there are sixteen cases to consider. We shall divide these cases into four
categories based on the conditions on b, ¢ and a, d. Then for each such case, we shall
consider four sub-cases by the conditions on a’ and c.

A.2.1. Assumeb<c andd < a. Assume a’ >0 and c > 0..
To ease up the computation, we break up the summation into two parts, 0 < g < d
and then d < g < a.
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Under the assumption that b < ¢, we have

pis= (1-9)(1- y) ()8 o e+

200 o)

g=d+1
(@8t )t =)
g a—d—1 pd c—b—1 d+c’' —a
+ (D) (@+n 8y +a)) ((@+ )" @+ a)pt )
_ (a+ﬁ)c+a—b—d—262d+c'—a(x_’_a) (y-i-a%)
We compute the right hand side: Assume that b < c.

d a’+b—g ct+c'—g

C
2
9=0

RHS B y y\ o
(a4 pB)a—d=1pd(z 4+ ) (1 B E) (1 - 5) p* Tyt

S0z

g=1

(-0 (-5 Y (@ mp o)
g= b+1

) +Bcb16a+bc+

((a By (y + a)pe e
)

RHS = (a+ B)*te-d-b-2gd+a’+b—c (y T a}) (z+a)

Y@+ +a)s )
(1
y

_ (a+ﬁ)a+c—d—b—262d+c’—a<y+a%)(m_,'_a).

Assume @’ =0 and ¢ > 0.

Algebraic Combinatorics, Vol. 6 #1 (2023)

zd:<1 B %) (1 B Z)agl (Z) (827 1y) ((a +B)° " o+ a)ﬂd+0'_g)+

144



Vertex models for Canonical Grothendieck polynomials and their duals

a—1

B
i:(l - %) (1 - Z)a_g_l Can) (<a +8) T @+ a)ﬂd”/_g)#—
g—;ﬂ(l_x)(l_ﬂ) ((a+5) B (y—l—a))

((0+a) " @+ a)sts )

_ (1 - %) (1 - Z) C_b_l(a +B)* g + )8

We compute the RHS"

RHS = (aJrﬂ)afdflﬂd(ija) <(1 %> (1 y)clJr

g
(Z0-90-5)"3))

g=1

= (a+p)" 18z + a) (1 - %) (1 - Z>Cb1.

Since we assumed b > ¢, we do not need to consider the cases where ¢ = 0.

A22. Assumeb>candd <a. Assumea’ >0 andc>0 .

a—1
ps= (1-2)(1-2) (2o
a—g—1
20-D(-5)  (B)orare

9=Zd;rl(1 B %) (1 - Z) (Z’) ((a +8)7 "y + a))xﬁ““/‘g—l
+ (D) (a+p 8y +a))as !

_ <Z>( +5)a—d—lﬁal+d(x+a).

Since a < d and b > ¢, the Boltzmann weights from the vertices are fixed. When
we factor out the contribution from the overall sum, we are left with entries of the
r-matrix with fixed right boundary. Then from the fact that sum of all the possible
states is an eigenvector of the r matrix, we get that the overall sum of RHS is just
the product of the fixed Boltzmann weights.

RHS = ((a+ 8"z + a)8%) (8 'y).

Assume a’ = 0.

s = (1-1) (1 - g)a_lwa_lJr
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B-0(-2) e

g=1

a—1 a—g—1

S (=Y (1-8) 7 (@rar s )
g=d+1

+((a+8)"" 8y +a))
= (a+p)" " 1pNx + o).

For RH S, we again use the fact that the sum of all the possible states is an eigenvector

of the r-matrix to conclude that the RH S is just the product the Boltzmann weights.
Observe that the contribution from the bottom vertex is 1. So, the overall RHS is
just the Boltzmann weight of the top vertex.

RHS = (a+ B)" "z + a)p”

A.2.3. Assume a < d and b < c. Since we are assuming b < ¢, its follows that ¢ > 0.
Assume a’ > 0.

LHS = (1 B E) (1 B Z)a_l (Z)( +8) " N+ a)pte +

0008 (1)l sot )
Y

— (@ o)t (4).

Given that b < ¢, we can get the RHS computation from Appendix A.2.1. The
only difference being the Boltzmann weight corresponding to the top vertex.

RHS — xﬁafl(a+5)c7b71ﬁa’+b7c(<1 y>y+%(y+a))

T

_ (a_i_ﬁ)c—b—lﬁa’—&-b—c—&-a (Z) (m—i—a)

= (a5 (S ot o)

We do not need to consider the case where a’ = 0 as the global condition forces ¢’
to negative.

d =(a—d)+ (b—c) <0.

A.2.4. Assume a < d and b > c. Assume a’ > 0.

a—1
LHS = (1 - %) <1 _ ;) (é)gaw—lﬁ
a—1 a—g—1
S22 (e
g=1
Lgetys e
xr

_ <yﬁa’—1) (xﬁa—l).
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As a result of the assumptions, the Boltzmann weights are fixed. Using the fact that
sum of all the possible states is an eigenvector, we get that RH.S is just the product
of the two fixed Boltzmann weights.

RHS = (5°7") (48" ).

Assume a’ = 0.

LHS = (1 - %) (1 - y>a15a—1x+

B
a—1 a—g—1
(1 _ Q) (1 _ y) ﬂg—lyﬂa—g—lm + Ba_lfﬂ
z B
g=1
= Bl
On the RHS, it’s just the Boltzmann weight of the top vertex.
RHS = p* 'z

A.3. RLL FOR THE COLUMN MODEL OF gg"’ﬁ ). We recall the Boltzmann weights,
and the entries of 7-matrix.

(67)
d Bla+p) 4 z+a)d 0<a>d
w, a-)—l—c =w,(a,b;c,d) = atperd § (x + )1 0<a<d
b 1 a=0.
0 1< j
1 k=1=0
1-k
iy k l $<y+o‘> k=1>0
(68)  7j(ry) = =y \ehe
i j (1—) k=0
Y —k
f(“a_l) (y”) k>0,
Yy \T+ o T+«
d d
g ctc'—g
a c/ a C,
a+a’ ol c+c’ 1o
3 Kt _ a’ftb—g
gz:;l a c gzz:c a’ c
a+a'7g g
b b

Firstly, on the LH S the Boltzmann weight of the bottom vertex is fixed based on the
relation between b and c. Similarly, from the RH.S, we see that the weight of the top
vertex is determined by the relation between a and d. So, we need to assume certain
relations between b and ¢, and a and d. Furthermore, observe that entries of the 7
matrix depends on whether the top left label is equal to or greater than 0.
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Therefore, in each subsection we assume some combination of relations between b
and ¢, and a and d, and a condition on ¢’.

A3.1. Assume a > d and b > c. As a > d, we get that a > 0. Similarly, from the
bottom label of the top vertex on LHS, we get that ¢’ # 0. Therefore, we only need
to consider the case where a > 0 and ¢’ > 0.

LHS = <x> (y . a) 1wﬁ(a +8)* 4y + a)la(e + ) T

Y T+«
a+a’—1 2 y—x Y+ a l1—a

2 ()( +a> <x+a> Bla+ B~y + a) (o + o) o9
g=a+1 Yy Yy

() (52 (2E2) sty

(;)ma +B) Ly + @) (o + @) ! (3/‘/3) -

z— B
(D (3;2)5((1 +B) Ay 4 a) (@ 4 ) (x 5 B).

We compute the RHS. Observe that we need assume a condition on ¢'. First, let us
assume that ¢/ > 0.

Observe that the label a’ + b — g has to be positive. Based on our assumptions and
the global condition, we conclude that

ad+b—(c+d)=d—-a<0.

Therefore, the range of g is from a to a’ + b.

1-c’
y+a a’' —1
(252 " sy
b 14+g—c —c
E y+a Yy—x a' —1
" Z (y)(x—l—a) <y+a>y(y+a)

&K (@ y+ao romee y— —b—1 a’+b—
)= B ) L A

=
Q
_|_
=
7=
al
L@
0
+
L
IsH

|
7 N
<8

>$($ +a)" (g + @) Bt B) -
( >

B
r—f

)(y+a)d—a(x_~_a)a—1(a+ﬁ)a+a/—d—1.

d and b > c¢. We now assume that a > 0 and ¢’ > 0.
1
Yy

a <
LHS = (i) (x+a y(y+ ) ta(z + o)’

d 1—a
E y—x y+o g—1 a'+a—g—1
> () (L) v+ ar st a) n

g=a+1
ata’'—1 T y—1x y+Oé l1—a
Z <> ( —|—a) <x+a> ﬂ(a+ﬂ)g7d71(y+a)dx(;c+a)a ta—g=14
g=dat1 NI/ \Y
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(i;) (y ) <gy6 j_ Z) Bla+ B)* ~4=1(y 1 q)
= (x;))( > (y + )@ (z + )2t —d=2_

() (2=t ot ta

Wia“ T (i < ) PR
> () (e
> G

(-3

(

D) (L5 )alat ey )

Assume a =0 and ¢’ > 0.

c+("—1

14+g—c'—c y—a - .
) (y+a)ﬂ(a+6)g Ty )t T

<R

d
LHS= a(z+a)* '+ (1 B y)y(y +a)i (e + a)? 914

g=1
a’ —1
5 (1-2)sta+ 8+ )l +
g=d+1 Yy

(1 — z)ﬁ(a +8)" 1y + )

v ()
(1- D)ot + s (25).

Observe that, while computing RH.S in the case where a < d, it is only in the final
step we multiply the Boltzmann weight of the top vertex. Here, the Boltzmann weight
of the top vertex is 1. Therefore,

o= () () o (825)

c+c —b—1 d B(y_x)
e o) (y(w—ﬁ)>

- (gj) (Z = g) (y+ )@ + o) 41—

(1-9)(-25) s+ ara+ o
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In the above computation we have assumed a’ > d. We now consider the case where
!/
a <d.

a’'—1

LHS:4ﬂw+aVL1+§:<1_§)My+af*w®+aVL“*+

g=1

(1—§)My+aVL1

= y(y + a)a/_l.

On the RH S, the weights of the vertices are fixed for all g. Since the right boundary
of the cross is fixed and the fact that sum of all possible states is an eigenvector, we
get that RHS = y(y +a)® 1.

A.3.3. Assume a > d and b < c. As a > d, we will have a > 0. Also ¢/ > 0, otherwise
we get contradiction on the range of g.

LHS =

1—a
(;) (.Z i Z) B(Oé + ﬂ)a—d—l(y + a)dﬂ(a + ﬁ)a’—&-a—d—c'—l(x + a)d+c/—a+

> () ()
e \Y/ T+ y+o

ﬂ(a+5)97d71(y+ a)dﬂ(aJrﬁ)aJra’fdfc’fl(era)dJrc’—g

= <§>52(a + B)atemb=d=2(y 4 qydti=a(g 4 q)dte -1y

G Pt

. (a+ﬁ>d+c'a
)d+c/—1 T+

r—f

(z+«

We compute the RHS:

RHS =

1—¢
(;) (:Z i Z) Bla+B) Yo+ a)Bla+B) by + o) Tt

a’fjb (x) (;’;2) (Zij)w (Bla+ 8~z +a))

g=c+1 Yy

(Bl + By Ly + ) +07)

= (Z) B (a+ 5)a+67b7d72(y + a)d7a+1(x + a)d+01*1_|_

() (22 )t ety o

Y Y+
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L Oé+ﬂ d+c' —a
T+«

r—f

A.3.4. Assume a < d and b < c. Assume a > 0 and ¢ > 0.

Recall that we have the global condition a + a’ + b = ¢ + ¢ + d. Observe that,
because of the assumptions, the range of g on the LHS is a to d + ¢'.

On the RHS, we have / +b—c¢— ¢ = d—a > 0. Therefore, the range of g is from
ctoc+c

1—a
LHS = (x) (y i a) y(y + a)a—lg(a + B)C—b—1($ n a)d+c'—a+

Yy T+«

> (2)(52) (58) vttt et

g=a+1 Y Tro

5 () (ER) eare

g=d+1 y
(y+a)Bla+8) " (@ + o)t

= (£ )sta+ o s ey (L0

@ﬂ Q(z - ;)(a”)”c’“<y+a>d“<x+a>a1.

2@t a)e (;) <i i Z) B Bla+ B) "y + ) ot
B3l <m> (y i a) e (H>5(a + 89y + ) 94
g=ct1 Y T+ Y+ a
(1 _ x),@(oH—ﬁ)cJ’C b1y 4 )@ b
RHS = (1; Bla+B) ' (x+a)Hy + ) Thmee (i:g>_
(5)52(04 + B)H I (4 @)V T (4 @)Y (z — 2)

LHS = Bla+ )"z +a)¥++

d
3 ) (y+ )9 B+ Bz + )t 4

=1

Q

dte’
g=d+1 <1 - y> (a4 B8)9 Yy + a)iBla+ B) 0 Mz + a)dtd 9
_ (z)ﬁ(a+ﬁ)e—b-1(y+a)d($+a) (y _g)
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(- 5) (Y

Observe when a = 0, the only difference in the RH.S from the earlier case is the
weight of the Boltzmann weight of the top vertex.

rits = (2)ota+ 0o+ apllas o (U5 -

<1 - z> (935_26) (a+B) "y + o),

Assume a =0 and ¢’ = 0.

LHS = Bla+B)""(z+a)™+
d

Z(l B Z)y@ +a) Bl B) T @+ a) 0

g=1
= Bla+p) "y +a).
On the RHS, there is a unique configuration.

RHS =

=

(o )y ) e /
+b—c

(a+B) " y+a

~—
S
9]

=

Assume a > 0 and ¢’ = 0.

l1—a
LHS = <x> <y+04> y(y+ a)aflﬁ(a_’_ﬁ)cfbfl(x + a)d+c'7a_’_

Yy)\x+a
d .
2 <z) <z ; Z) <z flr- Z) y(y+a)? B+ B) T (@ 4 o)t I

g=a+1
= Bla+ By + a)z(z + )",
Just like in the previous case, we have a unique configuration.
RHS = a(e-+a)" Bla-+ ) (y + )+~
= z(z+a) 1Ba+ )y + a)l e

A.4. RLL rOR THE CAUCHY IDENTITY. We prove a relation between L*, the dual L
matrix of row model of G(;a’fﬁ), and [, from the row model of gg\a’ﬂ).

For convenience let us recall all the characters of the play:

0 m m m m
R R =
0 m m—1 m+1 m
1 1—Bz 1—Bx T T
14ax 1+ax 14+ax 14+ax
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(69)
d (a+B)* Nz +a)s? a>d
w, | a l ¢ | =wyla,b;e,d) = batpera § B4 0<a<d
b 1 a =0,

where a,b,c,d € Zx>o.
The R matrix € End(F @ W):

l—zy j=k=1i=101=0

k\ l Ty k=1=0,i=j5=1
(70) R = < ={1-28 k=

i J xf k=0

1 ’L:k:l:]:
where k,j € {0,1} and 4,1 € Zxy,
(71)
NS N N 1\1 0\1
0 \0 0 \1 1 \1 { \7 i \7
1 1—xy Ty 1—zp 0

together with L* and [ satisfy the RLL relation. We shall prove the following equation:

d d d d
a+a’ ata’'—1 | 0 1
(l\ ¢ a \ c a 4 a c
b—c =+ +1— = d—a + +1—a
a’ c a’ c a’ c a’ c
0 1 c+c’ ct+c' —1
b b b b

Based on the entries of the R-matrix, we shall assume certain condition on a,a’
and ¢, ¢’. We shall divide the conditions of a,a’ into three cases, a +a’ = 0,a+ada’ =1
and a +a’ > 1. We do the same with the conditions on ¢, ¢’. Therefore, we shall have
a total of 9 cases to consider.

A.4.1. Assume a+a’ = 0 and c+¢ = 0. Observe that, because of the global condition,
b is equal to d. So each side will have a unique configuration with identical weight.

A.4.2. Assume a+a’ = 0. When a+ a’ = 0, there is a unique configuration on LHS.
On the RHS we use the fact that sum of all the possibles states is an eigenvector
of the R matrix to conclude that the weight of RHS is just the product of the
Boltzmann weights.

A4.3. Assumea=0anda’ =1 andc+c =0.

1 ﬂ b+1 b+1
€T — PT
LHS =
(xﬁ)y(Hm)ny)(Hw) N ||b 0 4 0N Iblo
+
_ Ty 1 0 1 0
1+ax 0 !
b b
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b+1

1+ ax

RHSz( ° )@) B PRV

Ad4.4. Assumea=0anda’ =1 andc =0 and c=1. When b > 0:

b b
T 1-pz
LHS =
(mﬂ)y(1+ax>+xy<l+ax) 0\1 Ib 10+0\0 Ib 0
_ ry 1 N\—I—l 1 N\—I—l
1+ ax 0 !
b b

When b = 0, only the second configuration from the left is a valid configuration.
LHS = zy

When b > 0, we have:

b
1 0
RHS= | ° o O+ 0 b 0
1 1 1 1
I 0
b
X
( )y(l

= —ay)+ (——— Jy(ay)
T \l+ax Y 1+ ax y\ry
_ Ty
T 14az
When b =0,

RHS = ’ 1-2y) + —(y + a)(zy)
- 1+ ax y y 1—|—amy y
_ Y _
= <1—|—0¢x)(l Ty + Ty + ax)
= zy.

A45. Assumea=0anda =1 andc+c >1 and d #0.

1 B b—c—c'+1 b—c—c' 41
T — Bx
LHS = (xp)y + zy 1 I ) 0 I )
1+ ax 1+ ax N — +0\ e
— J,'y 1 _Cc 1 _C—c‘r
1+ ax 0 !
b b
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b—c—c +1 b—c—c' +1
0 0 / 0 ! ’
RHS = b—c; c'Jfl + b—c; c'+c2
1 c 1 c
I c+c’ Ic+c/—1
b b
= 17
(15 Jotom + (15 Juta = o)
)
14 azx’
AA4.6. Assumea=1anda’ =0 andc+c =0.
b1 b1
| o |
LHS = 1\‘ |b HE RN b1
0 0 0 0
0 1
b b
x 1—5x
= (1- 1
( xﬂ)y<1+w) + ( wy)<1+w)
_1-pz
 l+4azx’
b+1
1— | 0
RHS — ( Bﬂ?) 1 ; 0
1+azx 0 0
0

b

A47. Assumea=1anda =0 and c=1 and ¢ =0. When b > 0, we have

LHS = ' o+
0 1
0
b
X
= 1—
(1—zB)y T o
13z
14+az’

When b = 0, only the second configuration from the left is valid.

LHS=(1
When b > 0, we have

— zy).

b b
1—-pBx 1— Bz
RHS = 1-—
(”Ty)<1+ax>+( xy)(1+ax> 1%—2\0 1%%\0
b—1 + b
1-pzx 0 1 0 1
1+ax I ! I 0
b b
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When b = 0, only the second configuration is valid.

RHS =1 —uzy.

A48 Assumea=1anda =0andc+c >1andd #0. Whenb—c—c +1>

we have
T b—c—c'+1 b—c—c'+1
LHS = (1 -
( xﬂ)y<1 n w) 1 .
1 I 1 <
(1 —xy)G ﬂx) > e+ > b—ct1
+ axr 0 c 0 c
1
_1-p 0
T 1+4ax b b

When b —c— ¢ +1 =0, we have

LHS = (1—x6)(y+a)(1wax> +<1_my)(1lf§>
= (1-zB).

When b—c—¢ +12>1, we have

1—515 b—c—c'+1 b—c—c'+1
RHS = (xﬂ)<1+a$>+(1—xﬁ)<l+ax
lfﬂ‘ﬁ b c c+1
c+c

c+c —1

- (1+aﬂc>

When b — c¢— ¢ +1 =0, only the second configuration survives.

b b

RHS = (1—xp).

A4.9. Assumea+a >1andc+c =0.

a+a’+b a+a’+b
a+a’ 0 at+a —1 0
N b + N b+1
a’ 0 a’ 0
0 1
b b
When a = 0,
LHS = (2B)yp* [ —2— ) + (28)yB~ 1—fz
1+ ax 14+ ax

o x zyBY 1 B o x
(zy)8 <1—i—owc)+ 14+ ax (zy)8 (l—l—aa:)
nyﬁa '—1
1+ax’
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When a = 1,
pits = (- ap)ys” (5 ) + - e (120
= (1 —xﬁ)yﬁ“'1<1j_ix + i;f;)
e xﬁ)y(lﬂia;>.
When a = 0,

RHS = z B -1 ’ ‘b ’
T \l+azx Y ‘

When a =1,

1-51’ 1
HS = a/=1,
RHS <1+ax>yﬂ

A.4.10. Assumea+a >1andc=1 and ¢ =0.

a+a’ +b—1 a+a’ +b—1

ata’—1

a+a’ | |
a 0 a 0
N b—1 -+ N b )
a’ 1 a’ 1
0 1
b b

When a=0and b >0

LS = (o) (5 Yo 4 (o) (o )
- xyﬁalfl
- l+4ax’

Whena=0and b=0
LHS = zB(yB* 2

xyﬁalfl.

Whena=1and b>0

LHS(1w5)< & )Z/ﬁa/wL(lxﬂ)(l_ﬁx)yﬁ“'l

1+ ax 1+ azx

17[3‘:5 a’'—1
(1+am)y6 '

Whena=1and b=0

LHS = (1—zB)yBs* .
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a+a +b—1 a+a +b—1
a 0 0 a ! 0
ﬁ\ + a’+b
! 1 ! 1
“ 1 “ 0
b b
Whena=0and b >0
xr ’ T ’
RHS = a'—1 1— a' —1
s LR (] S I
B CCyﬁa'fl
o 14+az |
Whena=0and b=0
a’ —1 1— T a’ —1
Yo+ p - (5 s

x
RHS = (xy)<1—|—ax

= ayp”

Whena=1and b>0
1-pz I Bx I
RHS = a—1 1— a—1
(o) (1 s 1) (1 s
_ 1- ﬁ(E a’ —1
B (1 + ax)yﬁ '
When a=1and b=0
1— Bz - 1—-pBx _
RHS = a’—1 1— a’ —1
(xy)<1+ax)(y+a)6 + ( fcy)<1+ax)yﬁ
= (1-Ba)ys” .
A4.11. Assumea+ad >1andc+c > 1 and ¢ #0.
a+a' +b—c—c’ a+a' +b—c—c’
ata’ | a+a’'—1 |
a c a !
\ b—c + \ b—c+1
o 0 © 1 ¢
b b
a+a' +b—c—c’
a ! 4
= + a’+b—cXc'+1
“ c+c' —1 ‘
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Whena=0andb—c—¢c >0

118 = (@)1 o (o) (T )

1_5$ a' —1
1+am>y6 ’

RHS = (@ m(l-i—ax

Jur k(1
Whena=1andb—c—¢ >0,

)
X a’
—I—ozx)yﬂ 1—xﬁ

(
LHS:(l—xm(l
RS = (@) (o0 )y 4+ (1= o) (

)5(1—1
1+ ax

)yﬂ"/‘l.
Whena=0and b—c—c¢ =—1,

erax) (y+a)B¥ ¢ 4 (2p) ( - ﬁx) (yB7~2),

1+ ax

LHSz@@(l

RHS@@(

Whena=1and b—c—c = -1,

)(y +a)B” + (1 - w6)<1 — ﬁx)(yﬁ“’—l),

1+ ax

RS =) (1 ) (o-+ a8+ (1= ) (1 .

1+ ax 1+ ax

LHS =(1 —xﬁ)(1+ax

Whena=0anda —1>a +b—c—¢,

LHS ( ﬁ) ( ) (Oé + B)C/+C_b_1(y + a)ﬁa/+b—c—c’_~_

1+ ax

RS =(08) (1 )4 )P ) e

1+ ax

(1—93,6’)(

Whena=1and b—c—c < —1,

= ax) (Oé 4 /6)0 +c—b—2(y + ()é)ﬁa +b—c—c +1.

LHS =(1~2b) ( 1+ cm:) (a+ B) Py + )ttt ey
(1 — Iﬂ)(l ; iz) (a 4 5)c'+cfb72(y + Oé)ﬂa/+bfcfc’+1,
RHS = 1-fa c+e—b—1 a' +b—c—c'
=(zp) 1+ az (a+p) (y+a)B +

(1= 28) (15 J(a+ B2y g e,
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0
In all the cases, we have assumed that the vertex 1 »—l» 1 does not appear. Let

0
us now study the conditions on the nodes where such a vertex can occur.
Observe that it can appear in the second configuration of LHS when b =0 and ¢ =
1. Similarly, it can appear in the second configuration of RHS when a+a’+b—c—c =0
and @’ +b—c—c’+1 = 0, which reduces to the conditions a = 1 and a’ +b—c—c = —1.
When a =0, b=0 and c =1,

0 c
LHS = (2B)(a+ B)" ' (y + a) 8" =~ X |

’ ’ ’ ’
a' —1—c a'—1—c¢

0 1
0 ! 0 !
RHS = | SN+ | SN €
a’ 1 a’ 1

|~

I c+1
0 0
o815 ) (o B+ @)

X

) s B )

=z(a+B)" "y + )

Whena=1and b=0and c=1,

’ 7 !’ 1 \ c
LHS = (1—xzB)(a+B)" '(y+a)B* ¢ 0
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1-— /B.Z' ’ ’ r_q
- o _"_ (& + o a —Cc — +
@+ B) (y+ )P

=(1 - Bz)(a+ B)" "My +a)pr 7.

RHS :(w)<

Whena=1landad +b—c—c = -1,
0 0
a’+1 a’ I
/ /

LHS = T P b—e’ t f P b—ci1
a 0 c a 1 c
b

— (- 58)( s )+ )+ )

Trar
(- 28) (15 )+ Ay + )

1+ ax
=(1—2B)(y + a)(a+p)" 1.

RHS = (1—zf)(a+B)" "'y +a) 0

When we combine both the conditions, b = 0 and ¢ = 1, and a = 1 and a+b—c—¢ =

—1, we get a = 1 and o’ = ¢’ for which we have already computed LHS and RHS.
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