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1 Introduction

This thesis will define quantum equivariant Kostka numbers and then go on to look at some of the
different methods that exist to calculate them.

Ordinary Kostka numbers, K , where A and u are partitions, count the number of semi-standard
Young tableaux of shape A\ and weight u. Here A can be a skew partition. See the text books
[Ful97] and [Mac95] for details. This means that the tableaux have \; boxes in the i*" row and p;
of its entries are j. Ordinary Kostka numbers also give the coefficients in the following sum

€y (;E) ST (x)sv(z) = Z K)\/V,;ASN (l‘), (1'1)
A

where ) is the conjugate partition of A, the e, are the elementary symmetric polynomials, and
the s, are the Schur polynomials in the ring of symmetric polynomials [Mac95], [Ful97]. The
Grassmannian is the variety of k-dimensional subspaces in an n-dimensional vector space, V', which
we will denote as Gr(k,n) or Gry (V). The cohomology ring of the Grassmannian has a presentation
as a quotient of the ring of symmetric polynomials, and in this presentation Schur polynomials can
be identified with Schubert classes in the cohomology ring of the Grassmannian, [Ful97].

The ring of symmetric polynomials can be generalised to the ring of factorial symmetric polynomials,
and Schur polynomials can be generalised to factorial Schur polynomials [Mac92]. The equivariant
cohomology ring of the Grassmannian has a presentation as a quotient of the ring of factorial
symmetric polynomials due to Mihalcea [Mih08]. The factorial Schur polynomials can be identified
with Schubert classes in the T-equivariant cohomology ring of the Grassmannian, where T is a
maximal torus of GI(n) for the Grassmannian Gr(C™). There is, therefore, an analogous definition
for equivariant Kostka numbers which involve these factorial Schur polynomials.

The quantum equivariant cohomology ring of the Grassmannian also has a presentation as a quo-
tient of the ring of factorial symmetric polynomials. This quotient involves an extra parameter g,
which we may set to 0 to recover the T-equivariant cohomology ring of the Grassmannian. Once
again, the factorial Schur polynomials can be identified with the Schubert classes in the quantum
equivariant cohomology ring of the Grassmannian, and we can look at the analogous formula for
Kostka numbers. This is how we define the quantum equivariant Kostka numbers.

Several ways already exist in the literature to calculate the quantum equivariant Kostka numbers.
For example, Bertiger et al have a method in [BEMT22] involving Young diagrams which can be
used to calculate the quantum equivariant Kostka numbers. Gorbounov and Korff have a method in
[GK14] which utilises lattice models to calculate the quantum equivariant Kostka numbers. Knutson
and Tao defined puzzles in [KT03] which can be used to calculate the ordinary Kostka numbers and
the equivariant Kostka numbers. Buch has a method involving different puzzles in [Bucl5] which
can be used to calculate the quantum equivariant Kostka numbers.

We will explore some of these methods before coming up with a new method of our own. This
method is combinatorially based on the method of Bertiger et al [BEMT22] but we have translated
it onto lattices and the Yang-Baxter algebra of Gorbounov and Korff [GK14]. Our method uses the
row-to-row transfer matrix for lattices (defined in Definition 4.1) and its expansion into factorial



powers. This transfer matrix will be denoted by E(z) and the coefficient of (x|y)*~" in its expansion
into factorial powers will be denoted by F,.. The main result of this masters thesis is the following
formula for calculating E, acting on a vector |u).

Proposition 1.1.

Eplp) =Y wt.(DY)IN), (1.2)
A

where d = 0,1 and the sum is over all partitions X such that A\/d/u is a vertical t-strip (defined in
Definition 2.41) with 0 <t <r.

The weights wt,. (DY) are calculated using statistics which we define on single row lattice diagrams
and are easy to compute by examination. This is Proposition 5.23 and can be found in Section
5.3.2. We can use this result to calculate quantum equivariant Kostka numbers by using the formula
by Gorbounov and Korff.

Corollary 1.2. [GK1/, Corollary 6.27] Let E, = E,, -+ E

.- Then we have

MEali) = ¢ Ky jajw ay)- (1.3)
d>0

We hope that this method simplifies the calculation of the quantum equivariant Kostka numbers.
We now give a brief overview of the structure of this masters thesis.

In Section 2 we give the definition of a factorial Schur polynomial and some relevant results involving
them due to Macdonald [Mac92] and Molev and Sagan [MS99]. We then give an isomorphism
between a quotient of a ring involving factorial symmetric polynomials and the quantum equivariant
cohomology ring of the Grassmannian, QH(Gr(k,n)), which is due to Mihalcea [Mih08]. Finally
we examine the method that can be used for calculating quantum equivariant Kostka numbers by
Bertiger et al [ BEMT22].

In Section 3 we give a solution to the Yang-Baxter equation which we wish to work with, followed
by an introduction to vertex models. We also give the vertex model of Gorbounov and Korff [GK14]
associated with the solution to the Yang-Baxter equation which we will use in the main result of
this masters thesis. We then introduce the Yang-Baxter algebra and some of its representations.

In Section 4 we compute the algebraic Bethe ansatz as Gorbounov and Korff do [GK14]. Then
we set up the multiplication operators on a subspace of a YB —module, and give the method for
calculating quantum equivariant Kostka numbers by Gorbounov and Korff [GK14], which we will
need for our result.

In Section 5 we introduce Knutson-Tao puzzles [KT03] and look at variations of these puzzles
which can be used to calculate quantum equivariant Kostka numbers. We then give the main
result. Finally we describe a bijection between our lattice diagrams and certain sets of puzzles.



2 Symmetric Polynomials

We assume the reader is familiar with some of the basic combinatorics needed in the context of
symmetric polynomials and functions as can be found in, for example, the book by Macdonald
[Mac95, Chapter IJ.

2.1 Factorial Schur Polynomials

In this section we define factorial Schur polynomials as found in the 6*" variation in the article
by Macdonald [Mac92] and introduce some of their basic properties. We then review some known
results utilising these polynomials such as Molev and Sagan’s formula for Littlewood-Richardson
type coefficients [MS99]. We also describe the specialisation of these polynomials to ordinary Schur
polynomials found in, for example, Macdonald’s book [Mac95, Chapter IJ.

Before we can define factorial Schur polynomials we must introduce the following:

Let R be a commutative ring, and let y = (yn)nez be any (doubly infinite) sequence of elements
of R. For every r > 0, define (z|y)" = (z —y1)(x — y2) - - - (x — y,-), called the (generalised) falling
factorial power.

For each r € Z, define 77y to be the shifted sequence (77y),, = Yn+r (5o that the n*® term of this
sequence is Ypyr)-

Definition 2.1. If X is a partition of length < n and §,, = (n—1,...,1,0), then the factorial Schur
polynomial, sy(z|y), is
det ((z]y) o)

et (@)

1<i,j<n

sa(aly) = (2.1)

1<i,j<n

It is interesting to note that denominator in Definition 2.1 is [, _;(z; — x;), the Vandermonde
determinant, and is therefore independent of the sequence y. It is shown in the article by Macdonald
[Mac92] that these factorial Schur polynomials are symmetric in 1, ..., z,, but not homogeneous.
Remark 2.2. We can recover the definition of Schur polynomials as found in, for example, the book
by Macdonald [Mac95, Chapter I] from Definition 2.1 by setting each element of the sequence y to
0. Due to this, there is an isomorphism between sy (z) in the ring of symmetric polynomials and
sa(z]y) in R[x]%", which makes the sy(z|y) a basis for R[z]%".

It will be useful to introduce additional notation for the following special cases for A:
san(zly) = er(zly)  (0<7r<n), (2.2)

and
sy (@ly) = he(zly)  (r=0). (2.3)

Remark 2.3. We once again note that by setting each element of the sequence y to 0 we recover
the elementary and complete symmetric polynomials as found in [Mac95, Chapter IJ.



Hence we will refer to the polynomials defined in (2.2) as factorial elementary symmetric polyno-
mials, and the polynomials defined in (2.3) as factorial complete symmetric polynomials.

We now want to give analogues of the Jacobi-Trudi and Néagelsbach-Kostka determinant formulae
for factorial Schur polynomials. In order to do this we will need the following lemmata.

Lemma 2.4. Let t be another indeterminate and let f(t) = [[;—,(t — x;), then

n

F) = (=1 e (zly)(tly)" " (2.4)

r=0

Proof. For this proof only, let o =¢. We have

det ((min)(5"+1)-7+1)
det ((;|y)©®n)i)

0<i,j<n

(2.5)

H1§i<j§n(mi - zj)

ft) = [T (t = 2) [lhcicjcn (@i — 25) _ ﬁ(f )
i=1 1<i,j<n

Then using the Laplace expansion to expand det ((xi\y)(‘snﬂ)jﬂ) along the top row we find

0<i,j<n
n det ((:Ci|y)((1)r+6n)j)1<* - n
@) =) (=0 (y)" " = = ) (D) en(aly)(tly)" (2.6)
rZ:o det ((xi|y)(5n)J)1§i,j§n TZ:O
as required. O

Lemma 2.5. Define:
H(ely) = (hy—: (2l7')), s (2.7)
E(zly) = (-1 "ej=i (2177Y)), ez - (2.8)
Then E(z|y) = H(x|y)~!.
Proof. First note that ho = ep = 1 and hj_; = ej—; = 0 when ¢ > j, and therefore both matrices
are upper unitriangular.

To show that EH = I, we need to show that

Z(—l)kfjek_j(a:|7'ky)hj_i(x|ri+1y) =i Vi, k. (2.9)
J
Now, ey—; =0 when j > k and hj_; =0 when ¢ > j, so (2.9) = 0 when ¢ > k.

When i = k we have only one non-zero term in the sum: (—1)%eghg = 1.

Assume i < k. Recall that f(t) = [, (t — x;), so f(z;) = 0. Then by using the second formula
we obtained for f(t) we find Y_"'_ (—1)"e,(z|y)(zily)" " = 0.



Since y is an arbitrary sequence, in the previous sum we may replace y with 75 !y for any s to

obtain:
n

Z(—l)rer(xhs*ly)(xi|7'571y)"7r =0. (2.10)

r=0
Multiplying by (z;|y)*~* gives:

n

Y (=D el y) (ily) T = 0, (2.11)

r=0

This holds for all s >0 and 1 <17 < n.

By expanding the determinant det ((z;|y)((™+%):) down the first column we see that

n

hun(@ly) =Y (@ily) ™" g (), (2.12)

i=1
where u;(x) is a rational function in 1, ..., Z,.

Now (2.11) = 0 for all 4, therefore the sum over i of (2.11) multiplied by u;(x) is 0. Hence

n

Y (=D)en(@|r* ) hor(2ly) = 0. (2.13)

r=0

Since we assumed i < k, we have k —4 > 0, so let s = k — i. We also replace y with 7/71y and get

n

> (1) en(@|TFy) i (x| Ty) = 0. (2.14)

r=0

With a suitable substitution this becomes

> (0 e (el )byl ) = 0. (2.15)
i<j<k
Hence we have shown that (2.9) is true. O

We can now give analogues of the Jacobi-Trudi and Nagelsbach-Kostka determinant formulae for
factorial Schur polynomials, taken from the 6** variation in [Mac92].

Lemma 2.6. If )\ is a partition of length < n, then

sx(zly) = det (hy,—isj (| 7y))

- (2.16)
= det (6)\;_i+j($|7'j 'y)).
Proof. Let o = (a1, ..., a,) € N. From the previous result we have
By (07 9y) = 3 (@l I y) (@) = S (nly)® (el gy tan(e). (217)
k=1 k=1



This shows that H, :

= (ha;—n+j(@|T'77y)); ; is the product of the matrices ((zkly)*); . and
B = ((xlr'Ty) ~tug (), ;- Then if we take the determinant we have:

det(H,) = det((zx]y)®) det(B). (2.18)

By taking o = § we have Hs = (h;_;(z|7'77y)); ;. This matrix has 1s on the main diagonal and

0s everywhere below the main diagonal, hence det(H;) = 1. Thus det((z1|y)%)det(B) = 1 and so

det(B) = m which lmphes that

_ det((@ly)™)
det((zxly)®)

Taking o = A + § we find that det(Hy15) = sx(z]y) and hence we have the first formula. Lemma
2.5 implies the second formula. O

det(H,) = det((zx|y)**) det(B) (2.19)

Remark 2.7. By once again setting each element of the sequence y to 0 we obtain the Jacobi-Trudi
and Nigelsbach-Kostka determinant formulae for ordinary Schur polynomials, as given in [Mac95,
Chapter I].

There is also a combinatorial definition of the factorial Schur polynomials in terms of Young
tableaux, which we will now give. This definition is contained in the article by Molev and Sagan,
[MS99, Equation 4].

Proposition 2.8. The following is an analogous definition for factorial Schur polynomials.
sx(@ly) =D T (1@ — vr@+e@) - (2.20)
T «a€X

where the sum is over all semistandard tableauz, T, of shape A\ with entries in {1,...,n}, T(a) is
the entry of T in cell « € A\, and c(a) = j — i is the content of the cell a = (3, j).

Remark 2.9. By setting all elements of the sequence y to 0 we obtain the tableaux definition of
Schur polynomials from [Ful97]. This definition can also be extended to include skew factorial Schur
polynomials, which is how the definition is given in variation 6 in [Mac92].

The article by Molev and Sagan [MS99] contains two results which we use later on in this thesis.
We now state those results.

Theorem 2.10. [MS99, Theorem 2.1] Let Y, = (Ypi+ns-- - Ypo+1). Given partitions X, p with
I(A),l(p) <n

0 AL p,
sx(ply) = . (2.21)
8 {H(i,j)e,\(wﬁn—iﬂ - yn—,\;.+j) if A =p.
Proof. Assuming that A ¢ p and examining the entries of (((yp)j|y)()‘+5)i)1<i j<n Shows that
. (A+é>i) = 2.22
det (((wp)sly) ") =0, (2:22)

10



as there is a rectangle of 0’s in the lower left corner of the matrix with a corner of the rectangle on
the diagonal. This proves the first part. To prove the second part, take A = p. Then the 5" entry
of (((yx)j|y)(k+5)"')1§i}j§n is (yxj+n—j+1 — Y1) (yxj+7z—j+1 — Yxn;+n—i), which is 0 for i < j and

nonzero for i = j. Therefore (((yx)j|y)(’\+5)i) is lower triangular with a nonzero diagonal.

1<i,j<n
Calculating sx(ya|y) then gives the result. O

Definition 2.11. Define Littlewood-Richardson type coefficients, cf;ﬂ,(y), by the formula
sulzly)su(@ly) = en, (W)sa(zly), (2.23)
A
where u, v are partitions.

In later chapters we will devise a combinatorial method that can be used to calculate special cases
of these coeflicients, but we should first examine the existing formula given in [MS99]. For this we
will need the following sequence of partitions pli=1 c p(¥):

P:iv=p0 5 p0) ... o= 5 50 =\ (2.24)
where |p(?)/p=V| = 1. Let r; be the row number of p( /pi—1),

Remark 2.12. P is a standard Young tableau. It will later be more convenient for us to use this
definition, however.

We will also need the set 7 (u, P) of semistandard tableaux, T, of shape p with entries from
{1,...,n} such that T contains cells ay,...,q; with ay < --- < oy and T(e;) = r; for 1 < i <,
where < is column order (explained below). We mark the entries in cells ai,...,q; by barring
them. Let 7 (1, A\/v) = WpT (u, P).

Remark 2.13. Here we explain what is meant by column order. Let A be a partition with Ay = h
and let 3; be the cell in the Young diagram of A which is labelled by 4 in the diagram below. The
largest cell in the column order is the one labelled by 1, 81, and the smallest is the one labelled by
A 4N, ﬁ,\H__.Jr,\;L. The cells decrease as we go up the column, and the lowermost cell in each
column is smaller than the topmost cell in the column immediately to the left.

PRI
Y AL jwh
A4
’ 1
3| M (RS
2 A +1
1

11



where the ordering of the cells is 81 > === > By > Bxj41 > - > Bargny > 00 > Bayoiny -
Example 2.14. Let n =2, A =(3,3), v = (2,2), and p = (2,1). Then
Piv=(22)—(3,2) = (3,3) = A (2.25)

The first box is added to the first row, so r; = 1, and the second box is added to the second row,
so ro = 2. Therefore r17o = 12. The ways to bar entries 1 and 2 in the tableaux of y such that the
cell containing 1 is greater than the cell containing 2 in the ordering described by the above remark
are given below.

2 \}

For each cell a such that o; < o < a1 for 1 < i <1 —1 we set p(a) = ,o(i)7 for @ < a1 we set
pla) = p© and for a; < o we set p(a) = pt).

SYHE

2 9

T(/.L,P) :{

[ o] ~
EE
EE

Example 2.15. We use T (u, P) from Example 2.14 to demonstrate how to assign p(a) to a cell
a in a Young tableau. For this example a; contains the entry 1 and as contains the entry 2. For
the first tableau we have a < «q, for the second tableau we have oy < o < ag, and for the third
tableau we have a < a; again. Therefore, labelling the cells in the tableaux from Example 2.14 we
find that

(65) OZ‘ aal‘ a1 Oé‘

a2 a2 Qa2

pla) =p®,  pla)=pD,  pla)=p©.

In this example we have y,0) = y(2,2) = (ya,y3) and Yp) = Y(3,2) = (Ys,Y3)-
Theorem 2.16. [MS99, Theorem 3.1] The coefficient ¢, ,(y) is 0 unless v C X. If v C X then

G = D I (Wee)r@ —vrese) - (2.26)

TET (u,\ a€v
(n /D)T(a) unbarred

Sketch of Proof. That the coefficient cf‘w(y) is 0 unless v C X is proved using Theorem 2.10. The
remainder is proven by Molev and Sagan by a chain of propositions and can be found in [MS99].

They first prove a formula for sv(Ualy)

sa(yaly)
¢p,(y) involving similar sums. Next they prove a recurrence relation for the cﬁy (y). They then give
definitions for sums of products similar to the formula in this theorem and give another formula

for cf‘“, (y) involving them. To prove this formula they give two more propositions involving various
sums of these new sums of products that they just defined. O

involving a sum of fractions. They then prove a formula for

12



Example 2.17. We calculate cl’)’u(y) using Examples 2.14 and 2.15. There is only one term in the
product from each tableau as there is only one unbarred cell in each. Therefore we have

oD 2o ® = (o), ) + ((We2), —vr0) + ((Be2), - v241)

(2.27)
= (ya —y2) + (ys — 1) + (y3 — y3)-

The special case of these coefficients which interests us is an analogue to the Pieri rules for the
non-factorial Schur polynomials. We now state this special case as a corollary of Theorem 2.16.

Corollary 2.18. The coefficients C?lt),u(y) and cf\t)ﬂ,(y) fort € N are given by

Cf\lt)»l’(y) = Z H ((yp(oz))T(a) - yT(a)Jrc(a)) y (228)

T 1t),P aecv
€7, )T(a) unbarred

and

Cf\t),y(y) = Z H ((yp(oz))T(a) - yT(a)+c(a)) ) (229)

T t).P aEv
€T, )T(a) unbarred

where we note that in each case there is only one possible sequence P for which T (u, P) # 0. For
cE\lt)’V(y) this sequence has r1 < --- < r; and for cE\t)’V(y) this sequence hasry > -+ > ry.

Lemma 2.19. We can simplify the definition of p(«) slightly in each case. For cz\lt)’u(y) we have
pla) = p® for r; < T(a) < riy1 and for ci‘t () we have p(a) = o for r; > T(a) > 141 where

in both cases 0 < i <1 ignoring the half of the inequality involving ro and ri41.

Proof. For Cf\lt),u(y) the Young diagram of p = (1%) is a vertical ¢-strip. Therefore, since we are
using semistandard tableaux which have entries which increase strictly down the columns, to have
r1,...,7; such that oy > -+- > @1 we must have r; < --- < r, as notes in Corollary 2.18. Hence
for any cell @ with an unbarred entry in the tableau to be such that o; < o < ;41 for some 7, we
must also have r; < T'(a) < riy1, due to the strictly increasing entries down the single column of
T. Thus we must have p(a) = p® for r; < T(a) < riy;.

For cf‘t)_y(y) the Young diagram of p = (¢) is a horizontal ¢-strip. Therefore, since we are using
semistandard tableaux which have entries which increase weakly from left to right across the rows,
to have rq,...,r; such that ay > --- > a7 we must have r; > --- > r;, as notes in Corollary 2.18.
Hence for any cell @ with an unbarred entry in the tableau to be such that o; < a < a;4;1 for some
i, we must also have r; > T'(«) > r;y1, due to the weakly increasing entries across the single row of
T. Thus we must have p(a) = p® for r; > T(a) > ri41. O

2.2 Quantum Cohomology as a Frobenius Algebra

We now consider a quotient of a ring involving factorial symmetric polynomials and show that it is
a Frobenius algebra. We then state an isomorphism between this ring and the quantum equivariant
cohomology ring of the Grassmannian due to Mihalcea [Mih08]. We will be working with the

13



Grassmannian Gr(k, n), the variety of k-dimensional subspaces in an n-dimensional ambient space.
We do this because many of the objects we are interested in within this thesis have a natural
interpretation in the quantum equivariant cohomology ring of the Grassmannian as a Frobenius
algebra. We first define Frobenius algebras.

Definition 2.20. A Frobenius algebra is a finite-dimensional, unital, associative algebra A defined
over a field f and equipped with a nondegenerate bilinear form (:|-) : A ® A — f such that
(ablc) = {a|bc).

We now define the algebra in which we are interested in terms of factorial symmetric polynomials.

Definition 2.21. Let k < n be positive integers. Let A = Z[y1, ..., yn]. Then we define an algebra

I=AgEr, . ]/ (rnrsts s 1, hy + (—1)Fq), (2.30)

where €, = e,.(z1,...,zr|y) and h, = det (el+j_i(m|7j’1y))lgmgr.

Lemma 2.22. Let (k,n — k) denote the set of partitions whose Young diagrams are contained
within a bounding box of height k and width n — k. Then the factorial Schur polynomials sy (x|y)
with A € (k,n — k) are a Alq]-basis for J.

Proof. This was proved by Mihalcea during the proof of Theorem 4.2 in [Mih08§]. O

Before we can show that J is a Frobenius algebra we must first introduce some results by Gorbounov
and Korff [GK14] involving specialisations of factorial Schur polynomials.

Let z = (z1,..., 2x) be a set of indeterminates which satisfy the following equations
[[Gz-v)+ (D" g=0, i=1,....n—Fk (2.31)
j=1

Remark 2.23. We will often set ¢ = 1 through the remainder of this thesis. We can do this because

it is possible to recover the equations involving ¢ via a rescaling of the z and y indeterminates,
1 . . .

provided ¢+ exist. Setting ¢ = 1, the equation (2.31) becomes

n

[1Gi—v)+ (D" =0, (2.32)

j=1

—1/n 1/n

and if we then take ¢ z; instead of z; and ¢~

Remark 2.24. In order to find all solutions to (2.31), we must consider z € F, = C[qil/"]®F,
where F := C{{y1,...,yn}} is the algebraically closed field of Puiseux series, which is the field of
all formal power series allowing for negative and fractional powers.

y; instead of y; we recover equation (2.31).

Remark 2.25. There are (Z) k-tuples of solutions, z € Fy, to (2.31). This is the same as the number
of partitions « contained within the bounding box of height k and width n — k. It will be useful
to parametrise these k-tuples, z, of solutions to (2.31) in terms of partitions o € (k,n — k), as
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Gorbounov and Korff do in [GK14, Section 5.3]. The solutions to (2.31) when ¢ = 0 are explicitly

known; z can be any k-tuple of y1,...,y,. So we fix a numbering of the n solutions to (2.31) by
mapping them onto the known solutions when ¢ = 0. Let z; = z;(g) be the solution which has
2;(0) = y; for j = 1,...,n. Then we denote by z, the k-tuple whose i'" entry is Zapr_+i- For any
a € (k,n — k) the agy1—; + ¢ will be unique for i = 1,... k%, and we will have 1 < ag41-; +i < n.
We can therefore take an indexing set I(a)) C {1,...,n} for each z,, and hence each indexing set
has a complement, I(a*), in {1,...,n}.

Let \Y =(n—k—MA,...,n—k—X1) and \* = (\V)".
Proposition 2.26. It can be shown that I(«*) is indeed the complement of I(a) in {1,...,n}.

Proof. First note that a* € (n — k, k). The number of parts of o* which are equal to 0 is ay. For

i =1,...,k, the number of parts of a* which are equal to i is ax_; — ax—_;+1. Therefore we can
express the set {1,...,n} as
{a:,k + ]" ce a;szk%»lfak + g, O + 17a;7k+1,(ak+1) —+ o + ]., N
(2.33)

*
s Qg T k-1, Qk—1 2, .. .etc}.

O

The first result from [GK14] which we need is the following orthogonality identity for factorial Schur
polynomials evaluated at the z,.

Proposition 2.27. [GK14, Corollary 5.12] Let Y; := yp—it1. For all \,u € (k,n — k) we have the
identity

Vica Y o
Z SA (Z | )SH(Z |y) :5)\#7 (2.34)
¢(za)
a€(k,n—k)
where ¢(2o) =[] icr(a) (zi — 2;5) with I(a) being the indexing set of zo and I(a*) its complement.
jel(a®)
Proposition 2.28. For all a, 8 € (k,n — k), we have
WY )sav
¢(2a)
A€ (k,n—k)

We prove the above propositions in a later chapter of this thesis.

Corollary 2.29. [GK1/, Corollary 6.6] Define coefficients Cl)t‘;,d(y) by

Su(zaly)sy (zaly)sav (za|Y
Coly) = > u(zaly) (e(z| )) SACTON (2.36)
ae(k,n—k) @
Then
su(zal)su(zaly) = Y Co'(w)sa(zaly)- (2.37)
e (k,n—k)

15



. . . s,V (2a]Y) . .
Proof. Multiplying both sides of (2.37) by ne(zi) and taking the sum over « gives

3 sulalpnCalp)on Gal¥) 5 a3 SaGalaGalY) - g

ae(k,n—k) ¢(2a) e(k,n—k) ac(kn—k) ¢(2a)
Then applying Proposition 2.27 gives the result. O

Remark 2.30. Equation (2.36) is known as the Bertram-Vafa-Intriligator formula [Ber97], [Vaf92],
[Int91].

Let Funcg,,(F,) be the set of functions f : (k,n — k) — F,. F, has a natural algebra structure
using pointwise addition and multiplication.

Proposition 2.31 (Mihalcea). The map ¢ : J, < Funcy,(F,) defined via sx(z|ly) — 35x where
Sx i a— sx(2aly) is an injective algebra homomorphism.
In what follows we will often identify J, with its image under ..

We can now prove that J ® IF, is a Frobenius algebra.

Proposition 2.32. [GK14, Prop 6.22] Jq := J ® Fy with bilinear form

B sx(zalY)su(2alY)
(salsu) = ae(kzgk) (20 , (2.39)

s a commutative Frobenius algebra.

Proof. The bilinear form is non-degenerate since the sy are a basis for J, and are therefore linearly
independent. So we just need to show that (sx|s,s,) = (sxsu|s,). We have

<5/\|5u$u> = Z Oz;d(y) Z S/\(ZQ|Y)5/)(Z@|Y)

pe(k,n—k) ae(k,n—Fk) ¢(za)
- ¥ su(28Y)su(28]Y)spv (28]y)5x(2a|Y)$p(2a]Y)
e(25)e(za)

(2.40)

a,B,p€(k,n—k)

By applying Proposition 2.28 to the last line above we eliminate the sum involving p and get a
factor of 0. Hence

$u(2a|Y) sy (2a|Y )2 (24]Y
(rlspsy = 3 ulzalV) e((z |) Jir(za V) (2.41)
ac(k,n—k) «
We can deduce that (sx|s,s,) = (sasu|s,) by noticing that the line above is invariant under
permutations of A, u, and v. O

We can also show what happens to s) under the Frobenius coproduct.
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Lemma 2.33. [GK14, Lemma 6.23] The image of sx under the Frobenius coproduct A : J, —
Jq®@Jq 18
Asy = Z quk/d/u & Su, (242)
we(k,n—k)
d>0

where sy /47, is a generalised skew factorial symmetric polynomial given by

syap@ly) = D Ol (y)su(aly). (2.43)
ve(k,n—k)

Proof. Let ® : 3, — J; denote the Frobenius isomorphism given by sy (sa]-y and m : Jg®@Jq = Jq
the multiplication map. Since J, is a Frobenius algebra, the following diagram must commute

311 # 3(] ®3q

.| [sse.

*
~x M

Jg — I3 ® 3y

which means that m* o ®(sx)(s, ® s,) = [® ® ®(A(s)))](s, ® s,). This means that

5u(2a]Y )8, (2a]Y )52 (2a]Y
3 (2a]Y)s0(2a]Y)sr(2a]Y) 3

e(z N
a€(k,n—k) ( a) pE(k,n—k)
d>0

qd<3/\/d/p‘3u><5p|su>~ (2.44)

Plugging in the definition given in the statement of the lemma for sy 4/, into the equation above
and taking ¢ = 1 shows that it holds. O

Now that we have shown that J, is a Frobenius algebra, we state the isomorphism between J, and
QHZ(Gr(k,n)), the quantum equivariant cohomology ring of the Grassmannian. This isomorphism
will be important for future chapters, and is the reason we look at J,.

Corollary 2.34 (Mihalcea).

QH;(Gr(k,n)) = Alg]é1, .., éx]/(Pn_tsts - hn_1, hn + (—=1)Fq), (2.45)

where €, = det (h1+j_i(x|7'1_jy)) and h, = det (el+j_i(x\7'j_1y))

1<i,j<r 1<i,j<r"

Corollary 2.35. There is an analogous result for factorial Schur polynomials to the automorphism
which maps sy to sy in the ring of symmetric polynomials. Using that result we find that

QHF(Gr(k,n)) 2 Algl[ha, .., hni] /{1, -, €t &+ (—1)" ). (2.46)

Remark 2.36. It is shown by Mihalcea [Mih08] that the basis of factorial Schur polynomials for
the Jacobi algebra corresponds to the basis of Schubert classes for QH7(Gr(k,n)). Gorbounov and
Korff [GK14] use this result by Mihalcea to show that qu';‘,;d(y) as defined above are the equivariant
Gromov-Witten invariants.
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Finally, we define the quantum equivariant Kostka numbers. These will be central to this thesis.
We first define

Definition 2.37. We define the equivariant Kostka numbers, KA/d/#’a(y), to be 0 unless nd =
[A] = || = |e|, in which case

ha(@ly)su(zly) = D ¢ Kyjajua®)sa(zly), (2.47)
Ae(k,n—k)
or equivalently
eal@ly)su@ly) = D ¢ Eajapuay)sy(zly), (2.48)
Ae(k,n—F)

where ha = h(xlth h()zm and €q = €q,€ay " Cqy

m*

Remark 2.38. In the cases where d = 0, by setting the sequence y to 0 we recover the definition of
the ordinary Kostka numbers.

2.3 Combinatorial Description of Quantum Equivariant Kostka Num-
bers

There are several ways of calculating quantum equivariant Kostka numbers already in the literature.
We look at the one given by Gorbounov and Korff in [GK14] in more detail in subsequent chapters.
Here we give an overview of the combinatorial description of the quantum equivariant Pieri rule on
cylindric shapes given by Bertiger et al in [BEMT22], which will be useful for later work. All of the
following section comes from [BEMT22].

We first describe what is meant by a cylindric shape. These were introduced by Gessel and Krat-
tenthaler [GK97].

Definition 2.39. Let Cy, = Z?/(—k,n — k)Z be the cylinder, A\ = (\1,...,\r) be a partition
whose Young diagram is contained within a bounding box of height k and width n — k. In Z? we
use coordinates (%,j) which follow the convention of matrix coordinates. Define a doubly infinite
integer sequence A[0] = (...,l_1,lo,l1,...) by A[0]; = A; for 1 < j < kandlyr =1, — (n— k). By
plotting (j,1;) in 72 for j € Z we obtain a closed loop on the cylinder which outlines the Young
diagram of X inside the k by n—k bounding box with northwest corner at the origin. Finally, define
the cylindric loop A[d] by A[d]; = l;_q + d for j € Z. Plotting this gives the outline of the Young
diagram of \ shifted southeast by d steps.

Definition 2.40. Let A\, u € (k,n — k) and 0 < d € Z such that A[d]; > p; for 1 <4 < m. Then
the cylindric diagram A/d/p is given by the boxes of Cy,, which are located between A[d] and w[0].

Definition 2.41. A vertical r-strip is a (skew) Young diagram containing exactly r boxes, no 2 of
which are in the same row.

Example 2.42. This example, which is very similar to Figure 2.1 in [BEMT22|, demonstrates the
definitions above.
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On the left we have p = (3,1) and A = (3,2), with the red line tracing the cylindric loop u[0] and
the green line tracing A\[0], and A/0/p indicated by the green boxes. On the right we have p = (2, 1)
and A = (1,0), with the red line tracing the cylindric loop p[0] and the green lines tracing A[0] and
A[1] respectively, and A/1/u indicated by the green boxes.

Bertiger et al [BEMT22] use statistics defined on cylindric diagrams in their Pieri rule. We now
give their statistics and preliminary definitions. For brevity we omit the case for horizontal strips.

Definition 2.43. [BEMT22, Definition 2.6] Let A, € (k,n — k) and 0 < d € Z. Let A\/d/u be a
vertical r-strip, v" for some 0 < r < k. Fix r < p < k. We say v" is extendable to a vertical p-strip
if we can make a vertical p-strip v? by adding p — r boxes from u to A/d/u, each of which shares a
vertical edge with the boundary of A\/d/u. These are called addable boxes, and the extension of v"
to vP is denoted v™ — vP.

Definition 2.44. [BEMT22, Definition 2.8, Definition 2.9] Given a partition p within the usual
bounding box, number all of the edges in the path tracing the boundary of p starting in the lower
left corner of the k by n—k box. Define U (i) to be the up-steps of u; the set of numbers which index
vertical edges. Now consider \/d/pu = v", an extension v" — vP, and an addable box a € vP /v".

e Define the up-step of a, u(a), to be the index of the vertical edge of the box a from U(u).

e Define the row number of a, r(a), to be the row of u which contains a, where we number the
rows starting from the bottom of the k£ by n — k box.

e Define the number of boxes below a, b(a), to be the number of boxes in v? which are in rows
strictly below a.

Example 2.45. We calculate the above statistics for A = (3,2), u = (3,2),d =0, n =5, k = 2,
and p = 2. We can see that A\/u is a vertical O-strip. Here is the diagram of p with the edges
labelled. The labels are above the horizontal edges and to the right of the vertical edges.
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Then we have U(u) = {3,5}. The addable boxes, a; and as are shown below.

ai

ag

The statistics for a; and as are as follows.

By examining the above Young diagrams we can see the upstep of each box is
u(a1) =5,  ufaz) =3. (2.49)

There are 2 rows in our bounding box. The box as is in the first row from the bottom, and a; is
on the second, therefore the row number of each box is

rlar) =2, r(a2) =1. (2.50)

There are 2 boxes in the extension v° — v2, just a; and as. Therefore there are no boxes below as
and there is one box below a1, namely as, and so

bla)) =1, blas) = 0. (2.51)

We now use these statistics to define the weight of an addable box.

Definition 2.46. [BEMT22, Definition 2.10] Let \,u € (k,n — k) and 0 < d € Z. Suppose
A/d/u=v". The weight of an addable box a € vP/v" is

wt(a) = Yu(a) — Yr(a)—ba)- (2.52)

Example 2.47. We calculate the weight for each addable box in Example 2.45
wt(al) = Yu(ay) — Yr(a1)—blar) = Y5 — Y2—-1 = Y5 — Y1, (253)
wt(ag) = Yu(az) = Yr(az)—b(az) = Y3 —Y1-0 = Y3 — Y1. (2.54)

We now have all of the definitions necessary to state the quantum equivariant Pieri rule by Bertiger
et al.

Theorem 2.48. [BEMT22, Theorem 1.1] For any integer 1 < p < k and any partition u inside
the usual bounding box we have

S(1)p * 8y = Z Z q° H wt(a)sy, (2.55)

0<r<pA/d/u=v"  a€vr /v’
v —oP

where sy is the Schubert class indexed by A in QH¥(Gr(k,n)).

Remark 2.49. In the theorem above is it worth noting that s(1)» is €, in Definition 2.21.
Example 2.50. Using Examples 2.45 and 2.47 we find the coefficient of s(3 2y in s(1)2 * s(3,2) is
(y5 — y1)(y3 — y1) by applying Theorem 2.48.

Remark 2.51. The equivariant parameters used here have a factor of —1 compared to the ones used
later on in this thesis.

Remark 2.52. This quantum equivariant Pieri rule is manifestly positive, by which we mean that
the coefficients of s in Theorem 2.48 are polynomials in (y; — y;—1) with coefficients in Zx>g.
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3 Yang-Baxter Algebras

3.1 Lattice Models

We want to look at Gorbounov’s and Korff’s [GK14] method of calculating the quantum equivariant
Kostka numbers using solutions to the quantum Yang-Baxter equation and lattice models that are
associated with them. We first give a description of the solution to the Quantum Yang-Baxter
equation that we will be working with and then give an introduction to vertex models. At the end
of this section we explain the Yang-Baxter equation in terms of lattice paths.

3.1.1 Solutions of the Quantum Yang-Baxter Equation

Let V be a vector space isomorphic to C? and let V(z) be C(x) ® V, in which we will denote
elements by f(z)v with f(z) € C(z) and v € V. Let R(z,y) : V(z) @ V(y) = V(z) ® V(y), we
can also say that R(z,y) is a rational function in z,y with values in End(V ® V). We will use 1 to
denote the identity matrix.

IfR=3, A ®Bj for A;, B; € End(V), then we introduce the notation:
Rn:ZAi@Bj@Il R13:ZA1‘®I[®BJ' R23:ZIL®A1»®B]<.
i i i

The R-matrix we will be looking at will only depend on the difference x — y; so R(x,y) = R(x —vy),
a rational function in x — y. Due to this, we only use a single argument in the R-matrix in the
following definition.

Definition 3.1. The Quantum Yang-Baxter Equation is:

Rlz(u — ’U)ng(u)Rgg(’U) = RQg(’U)ng(U)R12(U — U) (31)

Let {E;;}:; be the standard basis for n x n matrices. It follows that {E;; ® Eji}o<i jki<n—1 is &
basis for the space of n? x n? matrices. In the proof of the following lemma, and indeed usually
throughout the rest of these notes, we set n = 2 so that the E;; are 2 x 2 matrices.

Definition 3.2. Let R(u) = Zg’h:()’l Egh @ Epg +uFEp ® Eyy.
Lemma 3.3. R(u) satisfies the QYBE.
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Proof. The proof is a simple calculation.

ng(u — ”L})ng(u)Rgg(U) = Z FuFErel+ (U — U)EOQ ®RFEF11
k,1=0,1

Z Egh®ﬂ®Ehg+quo®]l®E11 Z 1®Eij®Eji+U]l®EOO®Ell =

g9,h=0,1 i,7=0,1
= Y Em®Eu®Ewm+v Y En®FEi®En+u Y Ei®En®Ey+
9,h,k=0,1 h=0,1 i=0,1
+ uvFEoy ® Foy ® E11 + (u — U) Z FEon, @ EF1g ® Epy + (u — ’U)UEOQ ® F11 ® Fqq. (32)
h=0,1
Also
R23(’U)R13('LL)R12(’L& — U) = Z 1® Eij & Eji +vl® EOO ® E11
i,5=0,1
> Egn®1&Eng+uFEp®1® En > Bu®Ex®1+(u—v)Ep®Enel| =
9,h=0,1 k,1=0,1
= Y Eg®@Em®@Ey+u-v) Y Eo®En®Eyg+u Y Ey®Eo®Ex+
g,h,1=0,1 9=0,1 1=0,1
+ (u—v)uBo ® By ® Eny +v Y Ego ® By @ Erg + wEog @ By ® Eyy. (3.3)
g=0,1
We can rearrange (3.2) to get (3.3), hence we have the result. O

If we notice that V(u) ® V(v) = C*(u,v), we can write R(u) as a 4 X 4 matrix as follows (using the
Kronecker product).

(3.4)

o~ O
O O = O
_= O OO

3.1.2 Introduction to Vertex Models

Here we give an introduction to lattice models. These will provide a graphical calculus which will
help us to calculate the quantum equivariant Kostka numbers.

The following definitions are taken from the Classical and Quantum Integrable Systems SMSTC
course 2020. [FOSK™20].
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Let G be an n x k square lattice. Denote by Ed(G) the set of its edges and denote by V(G) the set of
its vertices v = (7, ) with ¢ labelling the rows and j labelling the columns. Given a vertex v = (i, j)
let N jys Eijy, Siigys W, jy denote its incident north, east, south, and west edges respectively. We
are careful to ensure the east vertex always contains the () brackets in the subscript, so as not to
be confused with the basis matrices. A lattice configuration is a map v : Ed(G) — {0,1}. Let T
denote the set of all lattice configurations.

We want to assign a weight to each possible lattice configuration.

Let {eg,e1} be the standard basis for V, then {e; ® ep}gn=0,1 is a basis for V@ V. We can
think of the vertex (i, j) in our lattice as corresponding to R(z;,y;) acting on the tensor product
V(z;) ® V(y;) as follows.

Definition 3.4. Let fy(W@,j)) =0,y (N(i,j>) =0, (E@,j)) = 7, and fy(S@,j)) = 7/ where
o,0',7,7 € {0,1}. The weight of a vertex is defined via

/

o
R(zi,y;)es ® eqr = Z wt [T +7 er ®eqp. (3.5)
7,7'=0,1 T/
To each lattice configuration we can now assign a weight via a function wt : ' = Clz1, ..., Tk, Y1, - - - , Yn]-

N gy

This maps v to wt(v) = []; ;yev(q) Wt Wii ) + Elijy . The weight of the vertex is an element
Stig)

of Clz;,y;]. Since wt(7y) factorises into the weights associated to each of the vertices, we can see

why it makes sense to call these vertex models.

Definition 3.5. The partition function is the weighted sum over all lattice configurations:

Z(w,y) =Y _ wt(y). (3.6)

el

In the following model we use blue lines to indicate where an edge has the value 1, and the absence
of a blue line to indicate where an edge has the value 0.

We can deduce that the vertex model for R(x; — y;) is as follows (using u = x; — y; in Definition

3.2 and Egpe. = depeq):

with weights: 1 1 1 1 Ti — Y5,
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All other possible vertex configurations have weight 0. These weights are called Boltzmann weights
in statistical mechanics. This lattice model and its R-matrix are equivalent to the ones used by
Gorbounov and Korff in [GK14] for their osculating walkers. Their later article, [GK17], uses
the same weights and R-matrix as we do here. We choose this version because it requires less
rearranging to express the partition function in terms of factorial Schur polynomials.

We will demonstrate in later sections that the partition function for this vertex model can be used
to find the quantum equivariant Kostka numbers, as Gorbounov and Korff do in [GK14].

3.2 The Yang-Baxter Algebra
3.2.1 What is the Yang-Baxter Algebra?

We now define the Yang-Baxter Algebra for a general R-matrix.

Definition 3.6. The Yang-Baxter algebra, YB(R), is the unital associative algebra with generators
{tE?}id:o,h k € N, and relations given by

R12(u — ’U)Tl (U)TQ (’U) = T2 (’U)Tl (u)R12(u — ’U), (37)
with the T matrices defined below. This is called the RTT-relation.

Let R(u,v) : V(u)®@V (v) = V(u)®@V (v) with V = C? satisfy the QYBE, and let T'(u) = 3, ; Ei; ®

tij(u) be a matrix with non-commutative entries ¢;;(u) = >~ tgf)uk € YB[[u]] = YB®C[[u]]. We
need T1(u) = 35, i, Biy @ 1@ ti5(u) and Tor(v) = 375,20, 1 ® By ® tj(v). As the specific
R-matrix defined previously which we need to use later on only depends on the difference of the
spectral parameters, we will only use one argument in the R-matrix in the general definition of the
Yang-Baxter algebra.

Remark 3.7. YB(R) is well-defined due to the QYBE. To check this we need to check associativity;
that (71 (u)T2(v))T3(w) = T1(u)(T2(v)T3(w)). This is the same as saying that it doesn’t matter
which 2 T-matrices we exchange first using (3.7). We will need to use that Ris(u — v)Ry3(u —
w)Raz(v — w) = Rag(v — w)Ry3(u — w)Ry2(u — v) since R satisfies (3.1). Then, noting that
R;;T), = Ty R;;, where ijk is some permutation of 123, since they do not act on the same tensor
components, and repeatedly applying (3.7) we have

R12(U — v)ng(u — )R23 (’U — )Tl (U)T2 ('U)Tg (w)
= Ria(u — v)Ri3(u — w)T1 (u)T5(w) T (v) Ras(v — w) (3.8)
= ng(u — ’U)Tg(w)Tl( ) (v)ng,(u w)Rzg(U — w) '
= Tg(w)TQ(U)Tl (u)ng(u — U)R13(u ’UJ)R23(7) — w)
Similarly we have
Ros(v — w)Ri3(u — w)Ria(u — v)Th (u) T (v) T (w)
) (3.9)

= R23(v - ’U})TQ(’U)T3( ) ( )RL} w

= Tg(w)TQ(U)Tl (’LL)RQg(’U - 'U})ng

Ria(u —v)

(

= R23(U — w)R13(u — )TQ( ) (u Tg(w)ng(u — ’U)
)
)ng(u — U).

(u—
(u—w
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Then using using Ria(u — v)Ri3(u — w)Ras(v — w) = Rog(v — w)Ry3(u — w)Rya(u — v) since R
satisfies (3.1) we find that (3.8) = (3.9).

Proposition 3.8. The triple (YB(R), A, ¢), is a well-defined bialgebra with the following algebra
homomorphisms:

coproduct A : YB(R) — YB(R) ® YB(R), given by t;;(u Z trj(u) ® tig(u),
k=0,1

counit € : YB(R) — C, given by t;j(u) — 0; ;.
Proof. We know that YB(R) is a unital associative algebra by definition, so we now just need to show

that A and e are algebra homomorphisms and that the coalgebra axioms hold for (YB(R), A, ¢).
We denote by id the identity map.

We first show the coalgebra axioms:

(A @id) Aty(u) = (A®id) Y t(w) @ ta(uw) = D t1;(u) @ tr(u) @ tix(u),
k=0,1 k,1=0,1

(d @A) Atij(u) = (d @A) > trj(w) @ tiw(u) = Y trj(w) @ tix(u) @ ti(u).

k=0,1 k,1=0,1

Therefore (A ® id) At;;(u) = (id ® A) At;;(u) as required.

(id ® €) Aty (u Z i (u)®0; ) = ti;(u)®1 and (e ®id) Aty;(u Z Ok, j Qi (u) = 1t;;(u).
k=0,1 k=0,1

Thus the coalgebra axioms hold. More information on coalgebras can be found in [CP95, Chapter
4].

We can see that € is an algebra homomorphism since €(7'(u)) is the identity matrix, which is the
trivial solution of the RTT relation, (3.7).

So we are left to show that A is an algebra homomorphism which we will do by showing that AT (u)
is a solution of (3.7).

Applying the coproduct, (3.7) becomes

ng(u - ’I))Tlg(U)T14(U)T23(U)T24 (’U) = T23('U)T24 (’U)T13 (U)T14(’LL)R12 (’LL - ’1))7 (310)
where Ti3(u) = 32, ;101 Bijy @ L@ty (u) @ 1, Tha(u) = 32, 501 Eijy © 1 © 1 @ ti(u), Ths(v) =
Diik=01 L® Eji @t (v) @1, and Toa(v) = 32, ;401 1 ® Ej; ©® 1@t (v). We need to show that
(3.10) does indeed hold.

From these definitions, we can see that Ti4(u)Tss(v) = Tos(v)Tia(u) and that Ti5(u)Tas(v) =
To4(v)T13(u). Hence we have

ng(u — ’U)T13(U)T14(U)T23(’U)TQ4 (U) = ng(u — ’U)Tlg(u)ng (U)T14(U)T24 (’U)
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We can now apply (3.7) to Riz(u — v)T13(u)Ta3(v) to obtain

Riz(u — 0)This(w)Tra(u)Tos(v)Toa(v) = Tos(v)T1s(w) Ria(u — v)T1a(u)T24(v),
and then by applying (3.7) to Ria(u — v)T14(u)T24(v) we end with

Ris(u— 0)Ti3(uw)Tha(u)Tos(v)Taa(v) = Toz(v)Tis(uw)Tog(v)Tia(u)Ria(u — v).
Then using that T13(u)T54(v) = Toa(v)T13(u) we obtain (3.10).

Thus A is an algebra homomorphism. This completes the proof. O

3.2.2 Representations of the Yang-Baxter Algebra

We shall now give some representations of the Yang-Baxter algebra.

Lemma 3.9. We express the R-matriz defined in Definition 3.2 as R(u) = >, ;_o 1 Eij @ 1i5(u)
for ease. The map YB®C|[u]] — C[[u]] ® End(V (y)) which sends t;;(u) to rij(u —y), y a formal
variable, is an algebra homomorphism. If we restrict this homomorphism to the coefficients, )

1y 7
we get a representation of YB from YB — End(V (y)).

Proof. We can see that this maps the matrix T'(u) to the matrix R(u — y). This means that (3.7)
under this map becomes

ng(u - U)ng,(u — y>R23(1} — y) = Rgg(’l) — y)ng(u — y)ng(u — ’U). (3.11)

This is the QYBE which we know to hold for R(u). Hence this map is an algebra homomorphism.
O

Under the representation in Lemma 3.9 it can be seen that all but finitely many of the tl(»f) are
mapped to 0, and the rest are mapped to elements of End(V (y)). Therefore we have our first well

defined YB —module: V(y). We call V(y) the evaluation module.

We can use this representation and the coproduct to find another, which will be more useful with
the lattice model that we have introduced earlier.

Some notation first: if R =3, ; A; ® B; € End(V(z;) ® V(y;)), then let Ry pyp =3, , 1®---®
104;01®---10B;1®---®@1 € End(V(z1)®--- @V (2) @V (y1) ®- - - @V (yy)), where A; is
in component g of the tensor and Bj is in component k4 h. We do this because to each lattice row
and each lattice column we wish to assign an evaluation module. The ones for the rows are labelled
V(z1),...,V(xk) and the ones for the columns are labelled V(y1), ...,V (y,) as shown below.
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v

V(le) ————————

We use k rows and n columns because we want to describe the Grassmannian of k-planes in an
n-dimensional ambient space.

Now we can give the second representation.

Lemma 3.10. The map which takes T(x;) to R kyn(zi — Yn) - Rigy1(zi —y1) € End(V(z;) ®
Viy) ® - @ V(yn)) gives a representation of the Yang-Baxter algebra upon the same restriction
as used for the previous representation. This means that V(y1) ® - @ V(yn) is also a YB-module.

Proof. To show that V(y;) ® --- ® V(y,) is a YB-module, all we need to do is show that the
tensor product of 2 YB-modules is also a YB-module. Then we can apply this result repeatedly to
complete the proof.

So, consider the evaluation module V (y) and let M be another YB-module. We consider V (y) @ M.
We know under the representation in Lemma 3.9 that t;;(u) is mapped to 7;;(u —y) € End(C[[u]] ®
V(y)). This map takes T'(u) to R(u—y). Let m;;(u) € End(C[[u]]® M) be what t;;(u) is mapped to
under the representation which gives rise to the YB-module M. Let m(u) =3, ;_o, Eij ®m;j(u).
This map takes T'(u) to m(u).

Define a map YB ®C[[u]] — C[[u]] ® End(V (y) @ M) by ti;(u) — >_,_¢ 1 Taj(t —y) @ miq(u). This
map takes T(u) to R(u —y) ® m(u). Since we already know that R(u — y) and m(u) satisfy (3.7)
because V(y) and M are YB-modules, we can deduce that R(u — y) ® m(u) also satisfies (3.7) via
a similar calculation to the one used to prove that AT (u) = T'(u) ® T'(u) satisfies (3.7). Therefore
V(y) ® M is another YB-module.

Noting that the map defined in this proof is the same as the one defined in the statement of the
lemma, we can apply this result repeatedly to complete the proof. O
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3.3 The RTT Relation on the Square Lattice

So how do these representations relate to the lattice models we introduced previously?

We can think of row 7 in our n x k lattice as being R; gyn(zi — yn) - -+ Ri k+1(zi — y1) acting on
V() ® @V (rk) @V(y1) ® -+ ® V(yn). Here is a diagram of row ¢ of the n x k lattice to help
with visualisation, where the rows which are omitted correspond to the 1’s in the tensor product.

Under the representation in Lemma 3.9 we can think of ¢,;(x) as being a map from the north edge
of a vertex to the south edge such that the east edge has value b and the west edge has value a:

Under the representation in Lemma 3.10 we can think of ¢,,(z) as being a map from the set of
north edges to the set of south edges in a row of our lattice such that the east edge has value b and
the west edge has value a:

In this case T'(z) is known as a row monodromy matrix, and the RTT-relation can be thought of
way to braid the lattice rows. The RTT-relation for rows ¢ and i + 1, for 1 <i <k —1, is

Riivi(xi — i) Ti(x3) Tipr (xig1) = Tipr (1) Ti (@) Ri i (x5 — Tig1), (3.12)

or
Riv1i(wivr — 20)Tip1 (wig1) Ti(ws) = Ti(2i) Ti 1 (i 1) Rir i (Tir — ). (3.13)

R; ;41 and R,y ; swap rows ¢ and i + 1, so T; and T;; must swap places when R; ;1 or ;11 is
on the other side of them:
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T X
T ———— - —

Rijp10r Ripq;

Whether we use (3.12) or (3.13) depends on whether we work up or down the lattice rows. It makes
more sense with the graphical calculus to work down, i.e. applying 7; first then 7341 and then
swapping the rows. In this case the above diagram depicts the LHS of (3.13). For the RHS, we
would put R;41,; on the left of the rows, and then working down we would have T;14 then T; (since
the rows have swapped places).

We now have a nice graphical calculus for working out matrix elements of T'(z) applied to any basis
vector of our YB-modules.

Throughout the rest of this thesis we will use the following expression for 7"

T(x) = Eoo @ A(z) + Eor ® B(z) + Ero ® C(2) + By ® D(w) = (A(””) B (x)) LB

From now on we assume that T(x) = R p4n(Ti — Yn) - - - Rik+1(xi — y1), so that A(x), B(z), C(x),
and D(x) are operators acting on f(y1,...,yn)01 ® - Quy € V(y1) @+ @ V(yn)-

Proposition 3.11. For R(u) the relation (3.7) is equivalent to the following commutation relations
for A(x), B(x), C(x), and D(x).

A(u)A(v) = A(v)A(u), B(u)B(v) = B(v)B(u),

C(u)C(v) = C(v)C(u), D(u)D(v) = D(v)D(u),

A()C(v) = A(v)C(u), B(u)C(v) = B(v)C(u),

D(u)C(v) = D(v)C(u), B(u)A(v) = B(v)A(u),

B(u)D(v) = B(v)D(u), D()A(u) = (u—v)B(u)C(v) + D(u)A(v),
D(v)B(u) = (u — v)B(u)D(v) + D(u)B(v), C()A(u) = (u—v)A(u)C(v) + C(u)A(v),
A(u)B(v) = (u—v)B(v)A(u) + A(v)B(u), A(u)D(v) = (u — v)B(v)C(u) + A(v)D(u),
Cu)D(v) = (u—v)D(v)C(u) + C(v)D(u), C(u)B(v) — C(v)B(u) = (u—v) (D(v)A(u) — A(u)D(v))

The proof is a simple calculation and can be done by expanding both sides of the RTT-relation
and comparing terms in the resulting matrix.
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4 Bethe Vectors and Quantum Cohomology

In this section we define the row-to-row transfer matrix for lattices with quasi-periodic boundary
conditions and then find its eigenvectors via the Bethe ansatz, as Gorbounov and Korff do in
[GK14]. Then we look at a subspace, Vj, of the YB-module V(y;) ® -+ ® V(y,) and describe a
ring structure on it in order to see that it is isomorphic to the quantum equivariant cohomology
ring of the Grassmannian, QH;(Gr(k,n)). This ring structure is also due to Gorbounov and Korff
[GK14].

4.1 The Bethe Ansatz

We now define the row-to-row transfer matrix using the operators A(z) and D(x) from (3.14).

Definition 4.1. The row-to-row transfer matrix is defined to be:
E(z) = A(x) + ¢D(x). (4.1)

We will need to express F(z) in terms of factorial powers shortly, so we define the operator E,. €

End(V(y1) ® -+ ® V(yn)) via )

E(x) =) (aly)* "B, (4.2)

r=0
We will need the following Bethe vectors and Bethe ansatz equations. We then show how they were
obtained via a method of Faddeev [Fad96], and found in [GK14].

Lemma 4.2. Let o € (k,n—k). We use « to index the Bethe vectors similarly to what is described
in Remark 2.25. The eigenvectors of E(x) are

N=e1® --Qey (withn tensor components), (4.3)
and
|Za> =C (ZO‘LJCJFI) - C (Za:sz+lfi+i) - C (zaiffcﬂf(nfkﬂr”*k) Q’ (4'4)
subject to the Bethe ansatz equations
(e yor sil)™ + (—1)"Fq =0, fori=1,...,n— k. (4.5)
It will be convenient to introduce the notation z, for (za:’_ﬁl, .. '7Za:1—k+1—(n—k)+n_k)7 where

(Za)i = Zarz—k+1—i+i'

We will consider the cases for ¢ = 0 and ¢q # 0 separately. First we give the proof for ¢ = 0.

Proof. For ¢ = 0. First we recall from the previous section that, for Q@ € V(y1)®---® V(y,), when
A(z)Q) B(z)Q
C(z)Q D(z)Q

we write T'(z)€) we mean ( ) . We will introduce some notation to make clear which
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component of the tensor product R; - ; is acting on. Using the R-matrix defined in Definition 3.2,

1 0 0 0
0 zi—y;). \1 0/, o
we have R; p4,(x; —y;) = 0 1 J 0 0 71, where the subscript j indicates that the
o) (1)
matrix acts on component j. Note that if we are considering R as a 2 X 2 matrix with 2 X 2 matrices

as entries, then when we multiply R; 14 and R; j4n for g # h as matrices, the products of their
entries ( )q4( )5 is not matrix multiplication as they do not act on the same tensor position.

We will need the following commutation relations from Proposition 3.11.

C(u)C(v) = Cv)C(u), (4.6)
A(u)C(v) = ! (C(v)A(u) = C(u)A(v)). (4.7)

u—v

We will look for @ € V(y1) ® -+ ® V(yn) such that B(z)Q2 = 0. As T(x) = Rjpin(z —
Yn) - Ri k+1(x —y1), we will find such an © by looking for a v; € V(y;) such that R; p4;(z —y;)v;
is lower triangular, and then taking the tensor product of v; with itself n times. We have that

£,

therefore we take v; = e;. Hence 2 = e; ® - - ® e; with n components in the tensor product. Let
* denote operators we do not care about. We have

Ripay(z —yj)er = <”” Y (1)) e,  and  T(2)Q = (“'3)" (1)) Q. (4.9)

*

Hence ) is an eigenvector of A(z) with eigenvalue (z|y)™.

We look for other eigenvectors of the form

o) = C (1) O (2ayrs 1) C (2o s o yink) 2 (4.10)

n— n—

and expect to find constraints on the 2o+ ;. Using (4.6), (4.7), and (4.16), we find that

k+1

A(z)C (Za:fk-i-l) - C (Z“* k+1f(nfk'>+n_k) &

n—

1 n
= H x_—(l'|y) C (Zoé:,_k-&-l) ..C (za:lfk+1—(nfk)+n_k) Q

j=1 Zasz+1fj+j

n—k
4 2 : M; (z,24) C (Za’;L,knLl) e (Za;_k+1_(j_1)+j—1) C (Za;_k+1_(j+1)+j+1) ..
P

...C(Za* k+1_(n_k)+n,k) Clz)Q. (4.11)

n—

Finding M; directly involves lots of computation, however finding M; is fairly simple. We have

n—k

1 . 1

My (2, 20) = = ————— (o) [] . (412
j=2

T = Zay,_,+1 ap_t1 T ZQ:L—k+1—j+-j
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Notice that by using (4.6) we can exchange the position of C(zas_, 11) and C(zaz_, |, +n) in |2a).
Therefore we can find M}, by exchanging 1 and A in M;. Thus

n—k
1 . 1
My (2,20) = —————(2a7_,,, ,+nl¥) HZ - (413)
1

T — Za:sz+1—h,+h a:z,—k+1—h+h’ - zajl—k«#l—j-‘rj

-

RN

For |z,) to be an eigenvector of A(x) we need all the terms containing C(x) in A(x)|z,) to cancel.
Therefore we need M), = 0. We have

—k
1 n 1
My (2, 20) = ——————— | (2a; +nly)" =0. (4.14)
" Za;_“l_h’-i_h - ok ]1;[1 Za:,—k+1_h+h Zan—k)+1—j+.]
#h
Thus

(Zas_pprp+hl)™ =0, (4.15)
for h=1,...,n — k, as required. O

Remark 4.3. For the case where ¢ = 0 we can solve the Bethe ansatz equations explicitly. We see
that 2ot ey i = Yj fori=1,...,n—kand j = 1,...,n is a solution to (4.15). Therefore, to
obtain a set of solutions Za ot lses 2o 4k, WE Can take a subset of size n — k from

{;Zi, o ;Yn}. Note that for (4.13) to be well defined we must have zax . 4i # Zaz_,,, ,+; for
i #j.

We now prove the case where q # 0.

Proof. For ¢ # 0. We will need the additional commutation relation from Proposition 3.11.

D(w)C(u) = 1 (C(u)D(v) = C(v)D(u)) . (4.16)

u—v

We can deduce from the proof for the case where ¢ = 0 that €2 is also an eigenvector of A(z)+¢D(x)
with eigenvalue (x|y)™ + q.

For the other eigenvectors of the form

2) = C (2 1)+ C (205 t) = C (2an sy i) @ (4.17)
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we also find for D(z)|zq)

D(x)C (Zajﬁﬁl) - C (Za:—k+lf("*k)+n7k) 0

1
B H o e (Z“v*»le) c (Z”‘Twwlf('wk)*”*’“) &

+ Z Nj (I, Za;_k-&-la ey Zo‘:,flwrl—(n—k)"'_n’_k) C (Za:,_k—i-l) e

O (on 1) C (o ert) € (2o ) G0 (48)

n— n— n—

In order to find N;, we first find N; below

n—k
Ny (2, 24) = — ! 1T ! : (4.19)

Ray 17T j=2 za:—k+1—j+j ~ Ray_+1

Now, similarly to the way we found Mj, in the proof for the case where ¢ = 0, we find N, by using
(4.6) to exchange the position of C(zqar , +1) and C(zaz , ., , +n) in |2q), therefore exchanging 1
and h in Ny. Thus
1 = 1
Np (2, 24) = — 11 . (4.20)
Za;—k:+1—h,+h - j=1 Z(";—k+1—_7+j - Za:;—k+l—h,+h
J#h

For |z,) to be an eigenvector of A(zr) + ¢D(x) we need all the terms containing C(z) in (A(z) +
qD(x))|zq) to cancel. Therefore we need M}, + gNp, = 0. We have

1 n—k 1
Mh(xaza)+th(l‘7za): — qH T
x Za kt1—nth j=1 Za:ﬁk+1fj+3 Zo‘sz+1fh+h

J#h

n—k
n 1
*(Za;_k+l_h+h|y) Hz > (4.21)
1

= a:z—k+1—h+h - za;—k+1—j+j
h

S,

So we need

n—k
Za;:f cr1_pTh T Za;i g o
(Zo‘flfkﬂ,ﬁh‘y)n =q H k+1—h ._ kt1—j = q(—-1)" k=1 (4.22)
j=1 Z(X:Lkarlfj'H Za:z,—k+1—h+h
Jj#h
Thus
(Zaszde;ﬂLh‘y)n + (_l)n_kq =0, (423)
for h=1,...,n — k, as required. O

Remark 4.4. Unlike the case where ¢ = 0, we cannot easily find explicit solutions to (4.5). In order
to find all solutions to (4.5), we must consider z € F, = C[¢*/"|&F, where F := C{{y1,...,yn}},
the algebraically closed field of Puiseux series, which is the field of all formal power series allowing
for negative and fractional powers.
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4.2 Bethe Vectors and Lattice Models

The Bethe ansatz in the previous section will work for any choice of k such that 0 < k < n. We
now want to fix k& and look at a particular subspace of V(y1) ® -+ ® V(yn).

Let Vi be the subspace of V(y1) ®---®V (y,) which has a basis {e;, ®---®e;, }i,—0,1 where exactly
k of the ¢; are equal to 1, with the other n — k equal to 0. For convenience we now use bra-ket
notation for vectors vy € Vi, i.e. vy = €;; ® --- @ e;, = |\) where i; = 1 for j = Agy1-p + h,
h =1,...,k and i; = 0 otherwise. We also introduce the dual basis of the {|\)}xe(k,n—k) vectors
denoted by {(\} C V;.

The following 2 propositions are taken from the article by Gorbounov and Korff [GK14].

Proposition 4.5. [GK14, Prop 5.1] Recall that \* = (\V)" from Section 2.2. We can express |z4)
in terms of the |\) as follows
Za) = D sx(zaly)IN). (4.24)

e (k,n—k)

Proof. We can prove this by looking at what the C(z;) do to © on the lattice, as Gorbounov and
Korff did in [GK14], and then establishing a bijection between n by n — k lattices with paths
according to our vertex model in the previous section and tableaux whose shape is in (n — k, k).
We know that

|Z()/> =C (ZQ:L_k+1) . C (Zo‘:r—k+1—i+i) 1R R®ey

(4.25)
=C (ZOCLHl,iJri) o (Zaszﬂ) e Q- Qe

using (4.6). Therefore we may apply C' (Zaika) first so that the first row of the lattice corresponds

to Zax _, 41 Each C (za;) operator removes an e; from the end of the row above thereby increasing

the number of eg in the row below by one, therefore C <Za:—k+1—i+i) - C (zafkkﬂ) e1®---Qep €
Vi. We show how to obtain a tableaux of shape \* from a lattice whose first row is €2 and last row
is |A), and vice versa, and then that the term contributed by the lattice to the coefficient of |A) in
(4.24) is the same as the term contributed by the corresponding tableau to sy-.

Consider the path that begins at the top of column j of the lattice, for some 0 < j < k. This
path will end in column Agyi—; 4+ j. Therefore there are Ay1_; rows of the path which do not
contain a straight vertical line, and n — k — Apy1—; which do. There are n — k — Ap41—; boxes
in the j*" column of the tableaux of A*. Therefore we can map between this lattice and tableau.
By examining the allowed vertex configurations, we can deduce that the i*" straight line in the 5"
path must be in a row lower than or equal to the i'" straight line in the (j — 1) path. Hence if we
put the row numbers of the straight lines in the j* path in the lattice into the j** column of the
Young diagram of A* for each 0 < j < k we obtain a valid tableau.

Since the positions of the straight lines uniquely determine each lattice configuration, we can reverse
this process given a tableau and obtain a unique lattice configuration. Therefore we have a bijection.
It only remains to check that the weights contributing to the respective coeflicients match.
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Each box, (a,b) in the tableau, T', of shape A\* contributes ((2a)7(a,b) = Y7(ab)+b—a) t0 Sx=(2aly),
where (z4); = Zan ., .+ @S defined after Lemma 4.2. Each straight line, in position (i, k), in the
lattice contributes ((zq); — yx) in the coefficient of |\). Now, by construction, we have i = T'(a,b)
for the a* straight line in path b, and, by examination, k = b +4 — a. Hence these contributions
are the same. Since we calculate both sy~ (z4|y) and the coefficient of |\) by taking the product of
all the contributions from the boxes and straight lines respectively, and then taking the sum over
all possible tableaux of shape A\* and lattices whose first row is © and last row is |A) respectively,

we have completed the proof. O

We want to give an example to illustrate the proof above, but we first need another definition.

Definition 4.6. A Maya diagram is a sequence of n black and white go-stones arranged in a
horizontal line. We can think of the black go-stones as being “1” and the white go-stones as being
“0” to obtain a bijection with binary strings. The weight of a Maya diagram A is the number of
black go-stones, or equivalently [[A|| := Y1 | A = k.

Example 4.7. An example of a Maya diagram pu: e e o @ @ 0 . Equivalently x = 1101101. Here
n =7 and ||u|| = 5.

Example 4.8. We can now give an example to illustrate the proof of Proposition 4.5.

Let n =5 and k = 3. Take A = (2,1,1) and therefore A* = (2). Below is the lattice configuration

which corresponds to the tableau .

LI

The first path starts in column 1 and ends in column Az41-1+1 = A3+1=1+1 = 2. There is one
row which contains a vertical line: row 1. Therefore we put a 1 in the only box in the first column
of \*.

The second path starts in column 2 and ends in column Ag11_9+2 = XAy +2 =142 = 3. There is
one row which contains a vertical line: row 2. Therefore we put a 2 in the only box in the second
column of \*.

The third path starts in column 3 and ends in column A311_3+3 =X +3=24+3=05.
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Proposition 4.9. [GK14, Prop 5.10]
sa(zalY)
o= 3 ey (4.20
¢(2a)
A€(k,n—k)
where ¢(2a) = [ ic1(a) (20 — 25) with I(c) being the indexing set of zo and I(a*) its complement

JEI(a™)
as defined in Remark 2.25.

Proof. This is proved by Gorbounov and Korff in [GK14]. O

We are now able to give proofs of Propositions 2.27 and 2.28.
Proof of Proposition 2.27.

Proof. Since the Bethe vectors |z,) and (z,| are eigenbases, we can sum over all « € (k,n — k) to
get a resolution of the identity 1 =} ,_x) [2a)(2a|. Hence we have

S (zalY
D SRS SENND DI REAN VD SR o L8 IR O
ae(k,n—Fk) ae(k,n—k) Ae(k,n—k) pe(k,n—k) «

In order for this to be true, we need all terms for which u # A to be 0, and all terms for which
1= X to be 1. Hence we have

e ’ Y
Z SA (zaly)su (Za| ) _ 6)\;4' (428)
a€(k,n—k) Q(Za)
This is equivalent to the statement in the proposition, hence it is proved. O
Proof of Proposition 2.28.
Proof. Since by Proposition 4.9 we know that (z.|23) = dap we have
sy (2a]Y)
Sap = (zalzs) = D ﬁ(/\l o suezsly)m)
e (k,n—k @ kn—k
€( ) ne( ) (4.29)

_ Z Z S)\/(Za|y)slt* (25|y) <>‘|/L> _ Z S#/(ZQ|Y)SH* (Zﬁ|y)

e(k,n—k) pe(k,n—k) ¢(za) Ae(k,n—k) ¢(za)

using that (A|p) = 05, since they are dual. This is equivalent to the statement in the proposition,
hence the proof is complete. O

We can now express |A) in terms of the Bethe vectors, |z, ), which will be of use to us in the following
subsection.
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Lemma 4.10. We have (zalY)
Sx (2o
= > ) (4.30)

¢(2a)

Proof. We know that |za) = >_ . (x n—k) Su* (2a|y)|1t). If we use this definition to expand the Bethe
vectors in (4.30) we get

> M|za>= 3 S)\/(Za|Y)3u*(Za|y)|‘u>: S Gwlm =N, (431)

ae(k,n—k) wa€(k,n—k) e(za) pe(k,n—k)

where we have used Proposition 2.27, as required. O

4.3 Multiplication Operators Using the Transfer Matrix

We now define operators on Vj, which correspond to multiplication by a Schubert class in QH}(Gr(C™)).

Definition 4.11. Define an operator Sy : Vi, — Vi by

Sy := det (TV " Ex i) (4.32)

1<ij<n—k

We want to show that the matrix elements (v|Sy|u) are Gromov-Witten invariants. We will need
the following lemma from [GK14].

Lemma 4.12. [GK14, Lemma 6.2] Consider the (unique) extension of Sy to V,]Sq =V ®F,. (i)

The Bethe vectors, |za), are eigenvectors of Sy and on each V,H;q we have the eigenvalue equation
Saza) = sx(za|Y)|2a). (it) Let [0) =01 @ - @1 @ v ® -+ - Q@ ug € Vy, be the unique basis vector
which corresponds to the empty partition. Then Sy|0) = |\).

Proof. Proof of part (i) can be found within [GK14] using a result from [Mac92]. Part (ii) can be
seen using (4.30):

sy = 3 swlelg oy vy, (439

ac(k,n—k) ¢(za) ae(k,n—k) ¢(za)
O
In order to make Vi a ring, we must define a product.
Theorem 4.13. [GK14, Theorem 6.5] Define a product on Vi by setting
[A) @ [p) = Sxlp)- (4.34)

Then (Vi, ®) is a commutative ring.
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Proof. Consider again the extension of Sy to Vi ® F;. Then we have

’ Y ’ Y ’ Y
S/\|M> — Z Su (Za| )S,\‘Za> _ Z Sp (Za| )S/\ (ZOé| )|Za>
ac(kn—k) ¢(%a) ac(kn—k) ¢(%a)
: ’ (4.35)
_ Z St (Za|Y)5/\’(Za‘Y)5u* (Za|y) ‘l/>
v,a€(k,n—k) Q(Za)

The last line of the equation above is symmetric in A and pu, hence the product must be commutative.
It remains to check associativity. Since (4.1) is commutative by Proposition 3.11, we must have
that SxS, = S,5x. Hence

N@(w @) =INe(v)@|u) = SxSulu) = SuSilp) = V)@ (N @|u) = (A ®[u)®[v). (4.36)

O

We now want to show that there is an isomorphism between V), and our Frobenius algebra defined
in an earlier section. Gorbounov and Korff prove the following result in [GK14].

Theorem 4.14. [GK14, Theorem 6.13] The map from Vi, — J, which maps |X) — sx(x|y) for all
A € (k,n — k) is an algebra isomorphism. In particular, the Bethe vectors with a renormalisation
factor, |zq)e(zo) ™" are mapped onto the idempotents of J,, and the matriz elements quK’j(y) =
(v|Sx|p) with dn = |A| + |u] — |v| are the equivariant Gromov- Witten invariants.

Remark 4.15. This proves there is an isomorphism between Vj, ® F, and the quantum cohomology
ring of the Grassmannian, QHy(Gr(k,n)), as we already know from Corollary 2.34 that J, is
isomorphic to QH}(Gr(k,n)). Corollary 6.14 in [GK14] defines an isomorphism that takes Sy €
End(Vy) to the Schubert class oy € QH5(Gr(k,n)).

This gives us a way to directly calculate the quantum equivariant Kostka numbers as defined in
Definition 2.37 earlier. The following results are again due to Gorbounov and Korff [GK14].

Proposition 4.16. [GK1/, Proposition 6.25] The partition function for lattices with periodic
boundary conditions is related to the coproduct of QHx(Gr(k,n)) as a Frobenius algebra.

ME(z1) - E(zi)ln) =Y q%sxeja/ue (). (4.37)
d>0

Remark 4.17. (M E(x1)--- E(xg)|u) is the partition function for lattice configurations which have
the 01-word taken from the indices in |u) = v;; ® - - - v;,, along the top and the 01-word taken from
the indices in |\) along the bottom.

n

Corollary 4.18. [GK1/, Corollary 6.27] Let E, = E,, -+ E,

.- Then we have

MEalp) =" ¢“Ejajuway)- (4.38)
d>0
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Sketch of Proof. From (2.43) we know that sx«/a/.-(*|y) = >, e(npp) C;‘:ﬁ(y)sl,* (x]y). We also
know from (2.37) that C’i;,’,‘?(y) is the coefficient of s/ (z|y) in the expansion of s,/ (z|y)s./ (x|y).

From Definition 2.37 we know that ¢*Ky /4/,.o(y) is the coefficient of sy (z|y) in the expansion
of eq(z]y)su(z|y). Note that e,(x|y) = sar)(z|y). Therefore to obtain Ky 4/ o(y) from C;‘:j(y)
we can repeatedly apply the result for C;‘,/ gai)(y) to build K /4/,7,(y) recursively. Noting that

Cﬁ:&f%)(y) = (\|E,, 1), we can deduce the result. O
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5 Calculating Quantum Equivariant Kostka Numbers

In this section we detail several ways to calculate quantum equivariant Kostka numbers and give a
method of our own. This new method is the main result of this masters thesis. It is unpublished.

5.1 Using Lattices and the Yang-Baxter Algebra to Calculate Quantum
Equivariant Kostka Numbers - an Example

We now give an example to explain exactly how to use the graphical calculus method on lattices
of Gorbounov and Korff [GK14] to calculate quantum equivariant Kostka numbers. We will give
the complete example for E, in Gr(2,5). First we will give their combinatorial formula to calculate

E(x)|p)-

Proposition 5.1. [GK1/, Proposition 4.6] Let u € (k,n—k). We have the following combinatorial
action of the transfer matriz.

=> I @-v)m, (5.1)

d=0,1 X /d/u' hor stripi€Jxs q/u

where X and p' are conjugate partitions, Y; = yni1-5 and Jy g/, consists of the diagonals j —i+
n — k of the bottom square (i,J) in each column of the diagram of p with X' /d/u' added which does
not intersect with X' /d/p’. If a column contains no boves add j+mn —k to Jy jq/-

ZT oY) TE,. We will use lattices to

Example 5.2. Recall that E(x) = A(x) + ¢D(z) =
= (2,3), from which we can then calculate any

calculate E.|)\) for 0 < r <2 and X € (k,n — k)
quantum equivariant Kostka number for Gr(2,5).

For E(z)|0) we have:

0 6 O o o 0 [ ] o 0 0
(@] T o OT (2] g LI (o]
[

o 0o ® 0 o 9 o ® 00

Using the Boltzmann weights for vertices from Section 3 we can determine the weights of the lattice
configurations above.

In the first lattice configuration there are 2 vertical blue lines in positions 1 and 2. The Boltzmann
weight of a vertex with a vertical blue line is z; —y; where 7 is the row number and j is the column
number. Therefore the first configuration above has weight (z1 — y1)(z1 — y2).

In the second configuration there is one vertex with a vertical blue line in position 1, so this
configuration has weight (z1 — y1).
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The third configuration above has no vertices with vertical blue lines, therefore this configuration
has weight 1.

Therefore, from the lattice configurations above we have calculated that
E(@)|0) = (x —y1)(@ — y2)|0) + (= — y1)|(1)) + (1, 1)). (5.2)

To find E,.|0) for r = 0,1,2 we must look at the coefficients of the factorial powers (z|y)” in the
expression for F(z) above. Thus we deduce that

Eol0) = |0), (5.3)
E4[0) = |(1)), (5.4)
Eol0) = |(1,1)). (5.5)

For E(x)|(1)) we have:

e Cc @& 00 o ® 006 e 0 @ © & ® O o o
QP 1 © [3] ‘—l o GLll 0 O(—l 0
® o [V~ o o (o] ¢ o d o o o

From the lattice configurations above we calculate that

E(z)|(1)) = (z —y1)(x —y3)[(1)) + (z — y1)[(2)) + (z — y3)|(1,1)) + (2, 1)) (5.6)
= (2[y)?|(1)) + (2ly) ((y2 — y3)|(1)) +[(2)) + (1L, 1)) + (v —y3)|(1L, 1) +[(2,1)),
from which we deduce that
Eo[(1)) = [(1)), (5.7)
Er|(1)) = (y2 —y3)[(1)) +[(2)) +1(1,1)), (5.8)
Es|(1)) = (y1 —y3)|(1,1)) +[(2,1)). (5.9)

For E(z)|(2)) we have:

oo ) O 0 o 0C @O0 o0 @O
A7 o] DLL [T oL Ll
o O feY ® 00 O ls] o ¢ o o a

From the lattice configurations above we calculate that

E(2)[(2)) = (z —y)(z = 94)|(2)) + (z = y1)[(3)) + ( = 9a)[(2, 1)) +[(3, 1))
|

= (21)*(2)) + (@ly) (g2 = y)l(2) +13)) +1(2, 1)) + (1 —ya)|(2, 1) + (3, 1)),
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from which we deduce that

Eol(2) = |(2)), (5.11)
E1[(2)) = (32 — ya)|(2)) + 1(3)) + (2, 1)), (5.12)
E>|(2)) = (1 — ya)|(2,1)) +[(3,1)). (5.13)

For E(z)|(3)) we have:

o o o g o o Qo o o I
o o o Q .’1

o o oo & cl g 0 o o
From the lattice configurations above we calculate that

E(2)|(3)) = (z —y1)(z —y5)|(3)) + (x — y5)[(3, 1)) + ¢l0)

9 (5.14)
= (z[y)7|(3)) + (zly) ((v2 — y5)[(3)) + 13, 1)) + (y1 — y5)[(3,1)) + ¢l0),
from which we deduce that
Eo[(3)) =1(3)), (5.15)
Ey|(3)) = (y2 — y5)[(3)) + (3, 1)), (5.16)
E»[(3)) = (y1 — y5)I(3,1)) + q|0). (5.17)

For E(x)|(1,1)) we have:

o o Q o O o o
(& T o] 0 0 o
o & @ (O O e v o 0 0
From the lattice configurations above we calculate that

o o
H O
0
E(2)|(1,1)) = (z = y2)(x — y3)|(1, 1)) + (z = y2)[(2, 1)) + (2, 2))

= (2[y)?|(1,1)) + (z]y) (31 — y3)I(1,1)) +1(2,1))) (5.18)
+ (v = 2) (1 —ws)[(1, 1) + (11 = 92)[(2,1)) +1(2,2)),

from which we deduce that

E0|(171)> = |(171)>7 (5.19)
Ei[(L,1)) = (y1 —y3)|(1,1)) +1(2,1)), (5.20)
Eo|(1,1)) = (y1 — w2)(y1 — ya)[(L, 1)) + (v — 92)[(2,1)) +1(2,2)). (5.21)
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For E(z)|(2,1)) we have:

o S o G o o 6] o i 2 o o
o K ] (<Y O I Ll (o) o I o o] Ll Q
o e v o o O o 6 Q o 0 o o
From the lattice configurations above we calculate that

E(@)[(2,1) = (z = y2)(x = 9a)[(2, 1)) + (z = 92)[(3, 1)) + (z — 94)[(2,2)) + [(3,2))
= (z[y)*](2,1)) + (zly) (1 — ya)[(2. 1)) +[(3,1)) +1(2,2))) (5.22)
+ (1 —y2) (1 —ya)l(2,1)) + (y1 — 12)[(3, 1)) + (y1 — 9a)[(2,2)) +(3,2)),

from which we deduce that

Eol(2 D) =12,1)), (5.23)
E1(2,1)) = (1 —9a)|(2,1)) +1(3, 1)) + (2, 2)), (5.24)
Eb[(2,1)) = (y1 — 92)(y1 — 9a)l(2, 1)) + (1 — 92)I(3, 1)) + (g1 — ) [(2,2)) +1(3,2)).  (5.25)

For E(z)|(3,1)) we have:

Droo o oo e oTuuL- ODL
OOCOOIG oodﬂola .1000‘: 1

From the lattice configurations above we calculate that

E@)|(3,1) = (z —y2)(z —y5)[(3,1)) + (= — y5)[(3,2)) + a(x — y2)|0) + ¢[(1))
= (zly)?|(3,1)) + (wly)((yl —45)|3, 1)) +1(3,2)) +¢/0)) (5.26)
+ (1 —y2) (W — ws)I(3,1)) + (y1 — 95)[(3,2)) + a(yr — y2)0) + ¢[ (1)),

from which we deduce that

Eo|(3, 1)> = |(3= 1)>7 (5.27)
Eq1[(3,1)) = (y1 — y5)I(3, 1)) +1(3,2)) + ql0), (5.28)
Eb[(3,1)) = (y1 — y2)(y1 — y5)[(3, 1)) + (y1 — 5)[(3,2)) + a(y1 — y2)[0) + q|(1)). (5.29)

For E(2)|(2,2)) we have:
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v 5 @ o c 0 = o 0 o
e e e -
o 0O @ @ 5 O o o 0 0 0O

From the lattice configurations above we calculate that

E(2)[(2,2)) = (z = y3)(x = 9a)[(2,2)) + (z = 93)[(3,2)) +(3,3))
(@]y)[(2,2)) + (2ly) (11 — y3 +y2 — 9a)(2,2)) +(3,2))) (5.30)
+ (1 = ys) (w1 — wa)[(2,2)) + (1 — 93)[(3,2)) +1(3,3)),

from which we deduce that

E0|(2’ 2)> = |(2a 2>>7 (5.31)
E1](2,2)) = (y1 —y3 +y2 — va)[(2,2)) +1(3,2)), (5.32)
E»[(2,2)) = (y1 — y3)(y1 — ya)[(2,2)) + (y1 — y3)[(3,2)) +[(3,3)). (5.33)

For E(z)|(3,2)) we have:

GGTOO DaT{ OOIO( OCIL!]JT
o 6 o I 0 '—l
0 oe o l o o a o O o .—L o o o
From the lattice configurations above we calculate that

E(2)((3,2)) = (z — y3)(z — y5)[(3,2)) + (z — y5)((3,3)) + q(z — y3)[(1)) + ¢/ (2))
= (=|¥)?](3,2)) + (z|y) ((y1 — y3 + v2 — y5)[(3,2)) +[(3,3)) + ¢|(1))) (5.34)
+ (1 —y3) (w1 —ws)1(3,2)) + (1 —v5)1(3,3)) + qlyr —y3)[(1)) +ql(2)),

from which we deduce that

Eo|(3,2)) = ((3,2)), (5.35)
E1(3,2)) = (y1 — ys + 2 — v5)[(3,2)) +1(3,3)) +q[(1)), (5.36)
E5[(3,2)) = (y1 —y3)(y1 — v5)1(3,2)) + (y1 — y5)[(3,3)) + q(y1 — y3)|(1)) +ql(2))- (5.37)

For E(z)|(3,3)) we have:
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A e T

From the lattice configurations above we calculate that

= (z —ya)(z —y5)I(3,3)) + q(z — y4)|(2)) + 4l(3))
= (2[y)?((3,3)) + (z]y) ((y1 — ya + 2 — ¥5)[(3,3)) +4l(2))) (5.38)
+ (91 —ya) (Y1 — w5)13,3)) + a(yr — wa)(2)) + ¢l(3)),

E(2)[(3,3))

from which we deduce that

Eo|(3,3)) = 1(3,2)), (5.39)
Eq1[(3,3)) = (y1 — ya +y2 — y5)[(3,3)) + 4l(2)), (5.40)
E5[(3,3)) = (1 — ya)(y1 — 5)[(3,3)) + a(y1 — wa)[(2)) + ¢l(3))- (5.41)

We will now give a brief example to demonstrate the calculation of the quantum equivariant Kostka
numbers.

Example 5.3. We will calculate ((2,1)|E2E1|(1,1)) = K2,1)/0/(2),(2,1)(¥). The lattices we need to
do this, which have the 01-word for (1,1) labelling the top and the 01-word for (2, 1) labelling the
bottom are

o g O o o 0
ST

o o O OCe® o0 e0
e, erete

O e @ 0O 0O ® v e O

We need to find E; for the first row and Fs for the second row of both lattices.

The first row of the first lattice is ((1,1)|F1|(1,1)) which we calculated in the previous example
to be y; — y3. The second row of the first lattice is ((1,1)|FE5|(2,1)) which we calculated in the
previous example to be y; — y2. Hence the weight of this lattice is (y1 — y3)(y1 — y2).

The first row of the second lattice is ((1,1)|E1|(2,1)) which we calculated in the previous example
to be 1. The second row of the second lattice is ((2,1)|E2|(2, 1)) which we calculated in the previous
example to be (y1 — y2)(y1 — ya). Hence the weight of this lattice is (y1 — y2)(y1 — ya).

Thus we have K(2,1)/0/(2),(2,1) (%) = (y1 — ¥3)(y1 — y2) + (y1 — y2)(y1 — va)-
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Remark 5.4. If we take —y; instead of y;, it is not clear that this method would yield a manifestly

positive result.

We summarise Example 5.2 in the table below. We use Young diagrams to depict E,.|u)

Er|p)

Result

D@0

HEX

H@@
G
[ Je[ ]

o0
v [ |
Lol 1]
mgun
oo T 1]
Llel T[]

o
a)@H
mgs

]

L]

B

L]
e

(y1 — yg)H + ‘
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(1 —v2)(1 — yz)H + (11— v2) +
|
s
(y1 = y2)(y1 —ya) | + (41 —v2) ] + (41— ya) +
[ ]
(Y1 =) T‘Jr ‘+q@
(y1 = 2)(y1 — y5) L1y (1 — vs) L a —y2)0 +4 |

(y1 — Y3+ Y2 — ya)

(yl - y3)(y1 - y4)

(y1 —ys+y2 — ys)

+ (1 —v3)

+dq |

‘+ (y1 —ys)

(Y1 —y3)(y1 — ys)
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D® (y1 — Ya+y2 — ys) +qD:|

H® (91 — y) (91 — ) tawi—w) | Fd T | ]

5.2 Knutson-Tao Puzzles

This section will introduce Knutson-Tao puzzles [KT03]. We start with a description of the ordinary
puzzles and then go on to a description of the equivariant puzzles.

5.2.1 Ordinary Knutson-Tao Puzzles

These puzzles are interesting combinatorial objects as counting these puzzles with fixed edges
gives the Littlewood-Richardson coefficients. We should first recall the definition of Littlewood-
Richardson coefficients and then give the definition of the puzzles that count them.

Definition 5.5. [Mac95, Chapter I, (5.2)] Let sy be the Schur polynomial indexed by the partition
A. The Littlewood-Richardson coefficients are given by

Su8) = Zczy)\sy. (5.42)

Definition 5.6. [KT03, Section 1.1] A puzzle is an equilateral triangle with 01-words along its
outer edges and a filling using the following puzzle pieces:

1

0 1 1 0
1
NN AL NN
0 1 1 0

Before we describe how to use these puzzles to calculate the Littlewood Richardson coefficients,
we must first recall how to convert between 0l-words and partitions. If A is the partition which
corresponds to a 0l-word, then \; is the number of 0’s to the left of the final (k™) 1, A is the
number of 0’s to the left of the k¥ — 1%¢ 1, and so on.

The following theorem was proved by Knutson and Tao [KT03]
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Theorem 5.7. [KT03, Theorem 1] The Littlewood-Richardson coefficient ¢, ts the number of
puzzles such that the 01-word for u is along the NW side, the 01-word for X is along the NE side,
and the 01-word for v is along the bottom side as follows:

u/é\*

Remark 5.8. This theorem is significant because it proves that the Littlewood-Richardson coeffi-
cients are positive integers.

We can use these puzzles together with an extra puzzle piece, the equivariant piece, to obtain puzzles
which calculate equivariant Littlewood-Richardson coefficients. These puzzles are described below.

5.2.2 Equivariant Knutson-Tao Puzzles

Some of these puzzles will later be seen to be in bijection with our A operator from the Yang-
Baxter algebra. To motivate the definition of these puzzles recall the definition of factorial Schur
polynomials, sy(x|y), from the article by MacDonald [Mac92] as described in Section 2.1.

Definition 5.9. [MS99, Section 3, (8)] The factorial Littlewood-Richardson coefficients ¢}, , (v),
which are polynomials in yq,...,¥y,, are given by

su(@ly)sx(@ly) =\ W)su(xly)- (5.43)

The puzzles which need to be counted to find this type of Littlewood-Richardson coefficient involve
an additional piece. This piece is called the equivariant piece as the geometric interpretation involves
the T-equivariant cohomology of the Grassmannian.

Definition 5.10. [KT03, Section 1.2] An equivariant puzzle is an equilateral triangle with 01-
words along its outer edges and a filling using the same puzzle pieces as in Definition 5.6, with the
following additional piece also allowed.

Knutson and Tao prove in Theorem 2 of [KT03] that equivariant puzzles as described above can be
used to calculate equivariant Littlewood-Richardson coefficients.

Instead of counting the number of puzzles, we now have a weighted sum of puzzles with each
equivariant piece in a puzzle giving a factor of the form y; — y;. To find ¢, we look at the lower
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right diagonal edge of the equivariant piece and follow it down the diagonal column in the same
direction until we reach the bottom edge of the puzzle. Then i is the position we end up at in the
01-word from right to left. To find j, we look at the lower left diagonal edge of the equivariant
piece and follow it down the diagonal column in the same direction until we reach the bottom edge
of the puzzle. Then j is the position we end up at in the 01-word from right to left. Then, the
total weight of the puzzle is the product of the factors obtained from all its equivariant pieces. We
demonstrate this with an example.

Example 5.11. Here are the Knutson-Tao puzzles to calculate the coefficients for the product
5(1,1)5(1)- We now know this corresponds to E»|(1)) in Example 5.2. We mark the equivariant
pieces with a circle to identify them more easily within the puzzle.

o O | I O

Looking at the first puzzle above, there is one equivariant piece. If we follow the lower right diagonal
side down to the bottom of the puzzle we end up in column 1. If we follow the lower left diagonal
side down to the bottom of the puzzle we end up in column 3. Therefore this piece contributes a
factor of y; — y3 to the weight of the puzzle. Since there are no other equivariant pieces in either
puzzle, we conclude that s(; 1ys(1) = (y1 —y3)[(1,1)) +[(2,1)). Checking this against Example 5.2,
we see that this is as expected.

In order to calculate the quantum equivariant Kostka numbers, we must apply the puzzle rule
several times. To do Example 5.3 using puzzles we need one puzzle for each lattice row.

Example 5.12. We calculate K(le)/o/(z)’(z’l)(y) using puzzles. The puzzles we need are below.
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For the top row we put the 01-word for (1,1) on the NE edge and the 01-word for (1) on the NW
edge. The puzzles in the second row are the second application of the puzzle rule, multiplying the
factorial Schur polynomial corresponding to the 01 from the S edge of the puzzles above by es, so
we put the 0l-word which is on the south side of the puzzles above on the NE edge of a puzzle
in the second row with the 01-word for (2) on the NW edge. We are looking for the coefficient of
5(2,1), 0 we put the 01-word for (2,1) on the S side of the puzzles in the bottom row.

To get the result we take the product of the weights of the top and bottom left puzzles, top middle
and bottom left puzzles, and top right and bottom right puzzles and then add them together.

The top left puzzle has weight yo — y1. The top bottom left puzzle has weight yo — 1.
The top middle puzzle has weight y3 — yo.

The top right puzzle has weight 1. The bottom right puzzle has weight (y4 — y1)(y2 — v1)-

Therefore we find that K2 1y/0/(2),2,1)(¥) = (y2 —y1)(y3 — Y2 +y2 —y1) + (Ya — y1)(y2 —y1) =
(2 — 1) (ys —y1) + (ya — 1) (y2 — y1)-
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5.2.3 Quantum Equivariant Puzzles

The equivariant puzzles we have just described can only be used to find the Littlewood-Richardson
coefficients when ¢ = 0. There are more general puzzles defined in the paper by Buch [Bucl5]
which can be used for the case where g # 0. We will refer to these puzzles as quantum equivariant
puzzles.

The outer edges of quantum equivariant puzzles are 012-words, so before defining the puzzles we
will first explain how to convert 0l-words we have previously obtained for partitions into these
012-words. The puzzles we will be considering here will always have a vertical strip on the NW
side, so we will give the conversion rule only for this case. It is slightly different for the general case,
which can be found in [Bucl5]. As we are only interested in modified versions of these puzzles, we
omit the general case.

Definition 5.13. [Buclb, Section 2.3] Let w) be the 0l-word for a partition A. Define a map
Jne,Nw from the set of 01-words for partitions in (k,n — k) to the set of 012-words as follows.
Jne,Nnw(wy) is wy with all the 1’s replaced by 2’s, and then replacing the first 0 with a 1 and the
last 2 with a 1. Define a second map Jg on the same sets as follows. Jg(wy) os wy with all the 1’s
replaced by 2’s, and then replacing the last 0 with a 1 and the first 2 with a 1.

Definition 5.14. [Bucl5, Section 2.2] A quantum equivariant puzzle is an equilateral triangle with
north-east and north-west edges given by Jxg nw (wy) for certain partitions A, and south edge give
by Js(wy) for some partition A, in the same directions as depicted in Theorem 5.7 and filled using
the triangular pieces, for which we allow rotation:

YA ANEYANEVANEYANEVANNVANEVAN
o  rr 2 3 4 5 6 7

and the equivariant pieces, for which we do not allow rotation:

Buch proves in Corollary 2.4 of [Bucl5] that these puzzles can be used to calculate the Gromov-
Witten invariants for the quantum equivariant cohomology ring of the Grassmannian. If we multiply
the y;’s by a factor of —1, then the way in which the Gromov-Witten invariants are calculated here
means that they are manifestly positive.

Remark 5.15. To reduce the puzzles defined above to the equivariant case we allow the pieces whose
sides are labelled with 0’s. 2’s and 5’s only, and disregard the remaining pieces. We must also use
02-words for the partitions obtained by converting the 1’s to 2’s in the first step described in the
maps in Definition 5.13, but omitting the second step of swapping one 0 and one 2 on each side
with 1’s. To then obtain the equivariant puzzles we change the 2’s to 1’s and omit any line which
is labelled by a 5.
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5.3 Statistics on Diagrams

We are now ready to give the main result of this thesis, so we will now define our statistics on
lattice diagrams. This result is new.

5.3.1 Definitions

Definition 5.16. A diagram D) consists of a pair A, 1 of Maya diagrams (or equivalently binary

strings) of length n and an allowed lattice configuration using the vertices &I@ or jL . gives

the top values of the vertical edges and A gives the bottom values. We call &I@ a connecting

line and we call jL an avoidance. We allow an avoidance to have any arrangement of black and
white go-stones, as long as stones connected by a line are the same colour. Define the position of a
go-stone in a diagram to be the column the go-stone occupies, numbering from left to right. When
discussing the position of a vertex, we mean the position of the go-stones on the vertical edges.
Define % (DY) C N to be the set of positions of all connecting lines in the diagram DY.

Remark 5.17. Our lattice diagrams here do not involve Boltzmann weights, but we can see that
they have the same allowed vertex configurations as the vertex model from section 1.

Example 5.18. An example of a diagram D}:

1 2 3 456

e

where we have labelled the positions. Here ¢'(DY) = {1,4,7}. We will use this as our guiding
example in this section.

Definition 5.19. We call a connecting line C}I@ in position ¢ admissible if there is an avoidance

jL in position j with j < i in the lattice row. Define the admissible set <7 (DY) C € (DY) to be

the set of positions of admissible connecting lines in a given diagram DY. Let P(/(DY)) denote
the power set of &7 (DY). Let S € P(«/(DX)), then for s € S define L(s) to be 1+ the number of
connecting lines a € € (DY) \ S, such that a < s.

Example 5.20. For the diagram in our guiding example, Example 5.18, we have n = 7. The
connecting lines in positions 4 and 7 are admissible. So &/ (DY) = {4,7}. Let S = {4}, then
L(4) = 1. If we instead take S = {7} we have L(7) = 2.

Definition 5.21. Fix an integer » > 0 and let A\/d/u be a vertical ¢-strip with 0 < ¢ < r. This
means that [\/d/p| := |\ 4+ dn — |u| = t. The r-weight of DY is defined as follows:

Wtr(,Déf) = qd Z H(yﬁ(s) - ys)' (544)

SeP((DX)) s€S
|S|=r—t
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Example 5.22. Using our guiding example, Example 5.18, and taking r = 3 and ¢t = 2, we find
that wt3(DY) = yo — ya +y3 — yr.

We now have all the definitions we require.

5.3.2 The Main Result

We claim that we have the following.

Proposition 5.23. Recall the definition of the operator E, from (4.2) and let d = 0,1. Then we
have:

ET|:“> = ZWtT(Df\L)|>‘>7 (545)
A

where the sum is over all partitions \ such that \/d/u is a vertical t-strip with 0 <t <r.

Proof. Recall that E(x)|u) =Y, (z|y)*"E,|p). If we expand this we get

k—IA/d/ul
E@y =Y D (@) ™0 fyasus) | 1N, (5.46)
A s=0

where the sum is over all partitions A such that A/d/u is a vertical ¢-strip with 0 < ¢ < r.

We would like to prove that wt, (DY) = fi 4/, (r —t) where fy 4/, (r—t) is the coefficient of (z]y)*~"
in the expansion of the partition function (A|E(z)|u) of DY into factorial powers.

For fixed X and p, let o7 (DY) = {a1,...,a} with a; < --- < a; be the set of positions of admissible
lines in DY and let ag be the position of the rightmost connecting line which is not admissible, if
there are no inadmissible connecting lines, take ag = 0. Then the partition function for DY is

A E(@)p) = ¢ (ly)® (@ = ya,) - (&~ Ya,)- (5.47)

We expand this into factorial powers as follows. First we do the expansion:

AIE@)|1) = q*(]y)* (& — Yag+1 + Yao+1 — Yar ) (T — Yau) =+ (T — Ya,) =
¢ (@) (@ = Yay) (2 = Yay) + Wag+1 = Y0 (@]Y)* (@ = Yay) -+ (& — ya,)-  (5.48)

We then repeat this expansion process on the brackets (z — y,,) for i = 2,...,1 in increasing order
for the terms obtained in the previous expansion step. This process leaves only terms which are
factorial powers. We know from the definition of the partition function that each bracket (z — yq,)
corresponds to an admissible line. We will now show that there is a bijection between the set of
coefficients ¢? [T:(Yao+ja, = Ya:) of the factorial powers in the final expansion and P(</(DY)). Note
that j,, = 14 the number of a; with k& < i such that the term (Yao+ja, — Yai) is not contained in
the product. This is evident from the way we have constructed the expansion.
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Let S € P(«7/(DY)) be the subset corresponding to an arbitrary term under this bijection. If at the
first step of the expansion we choose (& — yg,41) then a; ¢ S, and if we choose (yqo+1 — Ya,) then
a1 € S. At each subsequent step we make the same choice for each a;. We see that this choice at
each step is exactly how P (&7 (D%)) can be constructed, so the set of coefficients ¢¢ [T, (Yag+j; — Ya:)
and P(/(DY)) are constructed identically, and hence the identification we have just described is
indeed a bijection. Let S = {s1,...,8.—¢}. If |S| = r — ¢ then the term which S corresponds to
under the bijection is of degree k — r. Hence

AE@)w) =Y @)* D Waotie, —Ys1) * Gaotie,, = Ysoos): (5.49)
T SeP(« (DY)
|S|=r—t
Noting that ap + js = 1+ [{a € C(D}) \ S : a < s}| = L(s) proves the proposition. O

Corollary 5.24. By using Corollary 4.18 we obtain a way to calculate the quantum equivariant
Kostka numbers via our statistics, using diagrams that can have more than one lattice row and then
calculating the statistics for each row.

Remark 5.25. When using this method to calculate the equivariant Gromov-Witten invariants, it
appears that we can account for the 79! operator by adding j — 1 to the £ statistic. In terms of
the lattice j will be the number of the row in the lattice that the operator 77=1E,/_;; is acting
on. If this is the case, it would make calculating the equivariant Gromov-Witten invariants using
this new method simpler than some of the others we have looked at. For the method of Gorbounov
and Korff [GK14] we would need to expand the lattice weight for each row separately into shifted
factorial powers, which is computation intensive. For the method of Bertiger et al [BEMT22] we
would need a series of Young diagrams as their method is only for the Pieri rule, which would need
to be applied repeatedly.

We now revisit Example 5.2 to compare our method with the method from [GK14].

Example 5.26. We will once again calculate F(z)|u), this time using our statistics. When cal-
culating wty in this example we need a subset of 2 — ¢ admissible lines, wt; needs 1 — ¢, and wt,
needs 0 —t¢. If the necessary size of the subset is negative, that means we did not have the condition
t <r, so the weight is 0. Recall ¢ is the height of the vertical strip A\/d/u. For this example, ¢ = 0
when the horizontal boundary of the lattice is labelled with a 0 and ¢ = 1 when it is labelled with
a 1. We show how to calculate the statistics in detail for E(x)|(1,1)).

For E(z)|0) we have

0 6 O 0o 6 o 0 00
o] T o OT o o 0
® O 00 ® 0 o 9 o ® 00
D Dfy) Dl



For the first lattice above ¢t = 0, for the second ¢ = 1, and for the third ¢ = 2.
The only non-zero weights in this case are

wty (D8> —1, wh (D? ) wis (D(l ) ) —1. (5.50)
Therefore we find that Eo|0) = |0), E1|0) = |(1)), and E5|0) = |(1,1)).

We will also give this result using Young diagrams to depict E.|@) as in the table at the end of
Section 5.1 in order to make it easier to see what is happening in terms of partitions.

0,

D
H.

@ @

[D[js

For E(z)|(1) we have
e Cc @& 00 o ® 006 e 0 @ © & ® O o o
g §S SpuERs S n Y ARy SRR Y TR
e v U o o w80 ¢ oo o ) o

1) 1) 1) 1)
Py D) Py Pl
For the first lattice above ¢t = 0, for the second and third ¢ = 1, and for the fourth ¢t = 2.
The only non-zero weights in this case are
’wto (DS;) tl (DE ;) = Y2 — Y3, wtl (DE;;) = 1,
witq <DEL)1)) = ]., wto <DEL)1)) =Y — Y3, wto (ng)l)) =1.

Therefore we find that Fy|(1)) = [(1)), E1](1)) = (y2 — y3)|(1)) + [(2)) + |(1,1)), and E5|(1)) =
(y1 —u3)[(1,1)) + |(2,1)), and also

(5.51)

oo |=] |
D®D:<y2—ys>D+Dj+H

H®D:(yl_y3)H+_ ‘
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For E(z)|(2) we have

(2) (2) (2) (2)
D) D) Day Ds)
For the first lattice above t = 0, for the second and third ¢ = 1, and for the fourth ¢t = 2.
The only non-zero weights in this case are
2 2
’wto (DE2;) = 1, wt1 (DEJ) = Y2 — Ya, wtl (Dg;) = 1,
’LUtl <DE§?1)) = ]., th (Dg,)l)) = Y1 — Ya, th (Dgi,)l)) =1.

Therefore we find that Ep|(2)) = [(2)), E1](2)) = (y2 — ya)|(2)) + |(3)) + |(2,1)), and E|(2)) =
(y1 —v4)|(2,1)) +1(3,1)), and also

(5.52)

e[ T - te-w T+ [T T+
H®D:|:(y1—y4) ‘+ | ‘

For E(z)|(3) we have

o O o g o o CJCJD‘I
O [=] o o .,1
6o o o o o o v G

(3) (3)
D) Da 0
For the first lattice above t = 0, for the second ¢ = 1, and for the third ¢t = 2.
The only non-zero weights in this case are
’wto (Dgg) = 1, wt1 (Dgg) = Y2 — Y5, wt1 (Dg?l)) = 1,

wts (D)) =wn — v wta (D) =4 (5.53)
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Therefore we find that Ep|(3)) = |(3)), E1](3)) = (y2 — y5)[(3)) + [(3,1)), and F»|(3)) = (y1 —
¥5)](3,1)) + ¢|0), and also

e[ T T te-wo [T ]+
H@)D:I:‘:(yl—%) | ‘+qq},

For E(x)|(1,1) we have

o g Q o o o O o O
(&) T o] 0 0 =] (o]
o & @ (OO O e 0 o 0 0 o
(1,1 1,1 (1,1
D D) Do

For the first lattice above ¢t = 0, for the second ¢ = 1, and for the third ¢ = 2. All of the connecting
lines in these diagrams are admissible.

For Dgi)) the set of admissible lines is 42%(1)83) = {2,3}. When r = 0 the size of the subset of
admissible lines, S, that we need is r —¢ = 0. When r = 1 the size of the subset of admissible lines,
S, that we need is r — ¢t = 1 and so the possibilities for S are {2}, with £(2) = 1 and {3} with
L£(3) = 2. When r = 2 the size of the subset of admissible lines, S, that we need is r —t = 2 and

so the only possibility for S is {2,3} with £(2) =1 and £(3) = 1.

For DE;B the set of admissible lines is M(Dgi;) = {2}. Whenr =0we have r —t = -1 <0
therefore the weight is 0. When r = 1 the size of the subset of admissible lines, S, that we need is
r—t =0. When r = 2 the size the size of the subset of admissible lines, S, that we need is r—¢t =1

and so S must be {2} with £(2) = 1.

For DE;;; there are no connecting lines, so no admissible lines. When r = 0 and » = 1 we have

r —t < 0 and so these weights are 0. When r = 2 the size of the subset of admissible lines, S, that
we need is r — ¢t = 0.

Therefore, the only non-zero weights in this case are
witg (DEH;) =1, wiy (DEH;) =y1—Y2+y2 —ys, wi (DE;B) =1,

(5.54)
wity (DSB) = —y2)(y1 —y3), wiy (DE;B) =Y1 — Y2, wity (DE;;D =1
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Therefore we find that Ep|(1,1)) = |(1,1)), E

L, )> = (yl - y3)‘(17 1)> + ‘(27 1)>7 and E2‘(17 1)> =
(y1 —y2)(y1 —y3)|(1,1)) + (y1 — v2)[(2,1)) +

(1,1
|(2,2)), and also

|
(
D®H=<y1—y3>H+ |

H@)H: (y1 —y2)(n —y3)H +(y1 — y2) ‘+

For E(x)|(2,1) we have

O o =} G o o 0O 0 o o] 0 0
o K I [« O I Llo o o o Llo
0O @ v o o U o 6 Q o o

o o
(2,1) (2,1) (2,1) (2,1)
Pl D Paa) D32
For the first lattice above t = 0, for the second and third ¢ = 1, and for the fourth ¢t = 2.
The only non-zero weights in this case are
wtp (Dg B) =1, wt ('Dg 1;) =Y — Y2+ Y2 — Y4, Wi ( E ’ ) 1,
2, 2, 2,1
wt (D33)) =1, wh (DED) = (1 — )1 ), wta (DEY) =1 — s, (5.55)
wito (Dg 23) =Y1 —Ya, Wi (Dg, ;i) =1

Therefore we find that Eo|(2,1)) = [(2,1)), E1[(2,1)) = (y1 — ya)|(2,1)) +

) [(3,1)) + [(2,2)), and
E>|(2,1)) = (y1 — y2)(y1 — ya)(2,1)) + (y1 — y2)[(3, 1)) + (y1 — ya)|(2,2)) + [(

3,2)), and also

0 ® ‘: ‘

HE S

H® ‘:(yl_yQ)(yl_yék) ‘+(Z/1—y2) | ‘+(y1—y4) +
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For E(z)|(3,1) we have

oorOOIa UOZ_TOIO .C;TDUL. OOL.

o 4 00 ~l ® 0 oo —l
(3,1) (3,1) (3,1) (3,1)
D(B,l) D(3,2) D@ D

1
For the first lattice above ¢t = 0, for the second and third ¢ = 1, and for the fourth ¢t = 2.

The only non-zero weights in this case are
wio ( g B) =1, wh (Dg 1;) =Y1—Y2+Y2—Ys, wh (Dg’ ;;) =1,
wh (Dé?ul)) =q, wh (DS’B) = (y1 —y2) (1 — y5), wis (Dg’ 2;) —— (5.56)
wty ( D 1)) q(y1 — y2), ( 3 1))

Therefore we find that Ey|(3,1)) = | 1), Erl(3,1)) = (y1 — u5)I(3,1)) +1(3,2)) + ¢q|0), and
E»[(3,1)) = (y1 — y2)(y1 — y5)(3, 1)) + (1 — Y5)[(3,2)) + a(y1 — y2)|0) + ¢|(1)), and also

LT
[ Je | ‘:(y1*y5> | ‘Jr ‘Jrq(o,

H ® L. (v1 = y2)(v1 = ys) ] + (41— ys) | +alpn —y)0+q |
For E(z)|(2,2) we have

o &5 @ 0 o 0 o 6 0 O
o T G o o o o

o0 e ® o o o o o 0O

o) ol

(3,3)
For the first lattice above ¢t = 0, for the second ¢ = 1, and for the third ¢t = 2.
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The only non-zero weights in this case are
o (P62) <1 w1 (B43) < s (o23) 1.
2, 2,2
wty (Dg2 23) = (y1 —y3)(y1 — va), wts (735372» =Uy1 Y3, wty ( . 3))

Therefore we find that Fy|(2,2)) = [(2,2)), Ei|
E5|(2,2)) = (y1 — y3)(y1 — ¥a)[(2,2)) + (1 — y3)

(5.57)

(2,2)) = (y1 — ys +v2 — ¥2)[(2,2)) +(3,2)), and
[(3,2)) + (3, 3)), and also

0 ® = ,
D@ =(y1 —ys+y2 — ya) + ‘7
H ® = (y1 —y3)(y1 — va) + (y1 —ys3) ‘ +

For E(z)|(3,2) we have
6 o o ® o o o © o o o 9 °
e
O oe o o o e a O o e O U o

(3,2) (3,2) (3,2) (3,2)
D32 D313 D D)

For the first lattice above ¢t = 0, for the second and third ¢ = 1, and for the fourth ¢t = 2.
The only non-zero weights in this case are
wig (Dg;;) =1, wt (DE§§§) =y1—Ys+yY2—ys, wis (Dg §))) =1,
wty (Dgf)2)> =q, wty (Dg;i) = (1 —y3)(y1 —ys5), wita (DE:?S;) =Y1— Ys, (5.58)
wts (Dg))?)) q(y1 —ys3), wty (DES;”) —gq

Therefore we find that Eo|(3,2)) = [(3,2)), E1[(3,2)) = (y1 —ys +y2 = y5)[(3,2)) + (3, 3)) +¢l(1)),
and E»[(3,2)) = (y1 —y3)(y1 —v5)1(3,2)) + (41 — 5)I(3,3)) + q(y1 — ys)|(1)) + ¢/(2)), and also

po -1
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D@ ‘Z(y1—y3+y2—y5) ‘4— +(JD,
H ® ‘ = (y1 —y3)(y1 — ¥s) ‘ + (y1 — ¥s) + q(y1 — y3)D+

For E(x)|(3,3) we have

8788 aannassusuannassses

(3,3) (3,3) (3,3)
D323 D) D)

For the first lattice above ¢ = 0, for the second ¢ = 1, and for the third ¢t = 2.
The only non-zero weights in this case are
wig (Dgg;) =1, wh (D §’§’§) =y1—Yat+y2—Ys, wh (DES’;S’) =q,

wity (Dg §§) = (y1 —ya)(y1 —ys), wia (DE%S)) = q(y1 —ya), witz (Dgg):&)) ¢

—~

(5.59)

Therefore we find that Fy|(3,3)) = [(3,3)), E1/(3,3)) = (y1 — ya + y2 — ¥5)(3,3)) + ¢|(2)), and
Eb[(3,3)) = (y1 —ya)(y1 — y5)1(3,3)) + a(yr — y4)[(2)) + ¢|(3)), and also

D@ = (Y1 —Ya+ Y2 —Us) +QD:|7

E}@ = (y1 —ya)(y1 — ys5) +ﬂw—mﬂ| Hﬂ || L

We will now revisit Example 5.3 with our statistics to calculate K(Zl)/o/(g)’(m)(y).

Example 5.27. The necessary diagrams are
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We must calculate 4 for the first row and E5 for the second row of both diagrams.

Using the previous example we find that the first row of the first diagram has weight y; — s,
and the second row of the first diagram has weight y; — y2. Hence the first diagram has weight

(Y1 — y3)(y1 — y2)-

Again, using the previous example we find that the first row of the second diagram has weight 1,
and the second row of the second diagram has weight (y1 — y2)(y1 — ya).

Thus we find that K(21)/0/(2),(2,1)(%) = (Y1 — y3) (W1 — ¥2) + (Y1 — ¥2) (y1 — ya)-

Remark 5.28. By examination of the formula for the weight wt,., we can deduce that this method
will give manifestly positive coefficients for |\), if we take —y; instead of y;, since we must have
L(s) < s. However it is not clear that using this method for the quantum equivariant Littlewood-
Richardson coefficients would yield a manifestly positive result, due to the shift operator 7771,

5.4 Bijection Between Lattice Diagrams and Knutson-Tao Puzzles

For ¢ = 0 we can prove directly that there is a bijection between the set of diagrams our method
produces and the equivariant Knutson-Tao puzzles.

Consider the following sets:

e The set of equivariant Knutson-Tao puzzles with sides of length n > 0 whose NW edges
correspond to a vertical strip of size r > 0.
e The set of lattice diagrams DY on n positions which have r — |\/pu| admissible lines chosen.
Note that each distinct choice of r — |\/u| admissible lines in a diagram will give a different element

of the above set.

The aim is to prove a bijection between these sets. We will do this using the following lemmata.

Lemma 5.29. A puzzle can be split into the columns detailed below:
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A S A/ A sV
1 0 0 1

ACOTL Aeq AG/U C’

where we indicate the equivariant piece with a blue dot. The missing edges in the B, C, and D
type columns indicates that a diamond shaped piece has been cut in half to make the column. If two
columns are touching in a puzzle, the sides that are touching must have the 0’s, 1’s and missing
edges in exactly the same places.

Proof. We find this by examining all possible cases. O

Lemma 5.30. If the NW edge of the puzzle corresponds to a vertical r-strip then there can be at
most one equivariant piece per column.

Proof. This is immediate from examination of the possible columns determined in Lemma 5.29, but
it is an important fact to note. U

-
Lemma 5.31. Fiz p, A\, and r. Then in the equivariant puzzle 1AM there are exactly r — |\/ |
A

equivariant pieces.

Proof. The NW edge of the puzzle will be 1---101---10---0 starting at the top of the puzzle and
reading downwards, with r 1’s in the second group.

Starting at the left side, each column eliminates one entry from the 01-string described above. More

specifically:

e Ac™ eliminates a 1 from the first group of 1’s.
e A B, and D eliminate a 1 from the second group of 1’s.

o A% and C eliminate the last 0.

From this we deduce that there must be a total of r columns of type A°?, B, and D combined.

If we now recall the paths on the puzzle columns, we can see that B and D together count the
number of 1’s which have moved one place to the left from u to A. If we convert  and A into Young
diagrams we see that this number is |A/u|. Therefore there must be exactly r — |A/u| columns of
type A, each of which contain exactly one equivariant piece. O
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Lemma 5.32. An equivariant puzzle which has a NW edge corresponding to a vertical r-strip is
uniquely determined by its edges and the positions of the equivariant pieces.

Proof. We can see that each column is determined by its NW edge and end values. By examining
the possible columns we see that the only columns which have the same values on the NW edge
and at the ends are A°°™ and A°?. So for the puzzle to be uniquely determined by its edges we also
need to know the location of the equivariant pieces. O

Lemma 5.33. There must be at least one occurrence of a pair of B and C type columns or a type
A column to the right of any A¢Y type column.

Proof. There cannot be an equivariant piece in the rightmost column as it is a single triangle.

We will prove the general case by contradiction. It is already established that a column containing
an equivariant piece cannot occur between type B and C columns. So start with a single A"
triangle. There cannot be a D type column immediately to the left of this triangle, so we assume
that we have p columns of type A" to the right of an A°? type column in position p + 1. By
inspection, we see that the NW side of the A°™ type column in position p will only have 1’s in its
01-word. Thus we have a contradiction as the A®? type column requires a 0 on its SE side. Hence
there must be at least one occurrence of a pair of B and C type columns or a type A%’ column to
the right of any A°? type column, as required. O

Theorem 5.34. The map which takes the diagram DY with chosen admissible lines in positions

T,
a1y Gr_|a/p| to the KT-puzzle IAH with equivariant pieces in the same positions is a bijection.

Proof. We must show that this map is well-defined, injective and surjective. An element in the set
of diagrams described at the start of this subsection is uniquely determined by u, A, r, and the
positions of the admissible lines chosen. Lemma 5.32 tells us the same thing for puzzles. Note that
not all possible choices will lead to a diagram that exists, this is also true for puzzles. Therefore
we must check that such a puzzle exists.

Lemma 5.33 is equivalent to the condition for lines to be admissible. We can see this by examining
the entries in p and A before the line in the diagram or column in the puzzle.

Lemma 5.30 ensures that we will not need to choose the same admissible line more than once to
obtain a puzzle via this map.

Lemma 5.31 ensures that there are the same number of equivariant pieces as there are chosen
admissible lines.

We have seen implicitly by looking at the Young diagrams for ;z and A that a puzzle only exists if the
1’s in p either are in the same position or moved one place to the left in A. This is equivalent to the
conditions imposed upon diagrams by the allowed lattice vertices from which they are constructed.
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All of this ensures that a diagram exists for p, A, 7 with chosen admissible lines in positions
ai, ..., ap_|n/p if and only if the puzzle for u, A, r with equivariant pieces in positions a, ..., a,_|x/y|
also exists. The map is therefore well-defined. Injectivity comes from the puzzles and diagrams
being uniquely defined by the aforementioned conditions. It is also now clear that the sets described
at the beginning of this subsection have the same cardinality, hence we also have surjectivity.

Thus this map is indeed a bijection. O

(1,1)

(11) with one chosen ad-

Example 5.35. Here is an example of this bijection for the diagram D
missible line.

We have |(1,1)/(1,1)| = 0, so with only one admissible line chosen we must have » = 1. Here are

’DEH; and the puzzles which have (1) on the NW side, and (1,1) on the NE and S sides.

When the chosen admissible line is the connecting line in position 2 of the lattice configuration, the

bijection maps Dgi; to the puzzle on the left above, and when the chosen admissible line is the

connecting line in position 3 of the lattice configuration, the bijection maps DEH;

the right above.

to the puzzle on
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6 Conclusion

We have now seen that there are many methods that exist or can be adapted to calculate the
quantum equivariant Kostka numbers.

The method of Bertiger et al [BEMT22], which involves statistics on Young diagrams, is used to
calculate the Pieri rule for Schubert classes of QHZ.(Gr(k,n)). Thus in order to obtain the quantum
equivariant Kostka numbers using this method we have to apply it repeatedly.

The method of Gorbounov and Korff [GK14], which uses Yang-Baxter algebras and lattice models,
can calculate the quantum equivariant Kostka numbers directly. However it requires the expansion
of the partition function of the lattice into factorial powers. If we then wanted to use it to find
the quantum equivariant Littlewood-Richardson coefficients (Gromov-Witten invariants) we would
need to expand the partition function for each row separately into shifted factorial powers, which
could be calculation intensive.

The puzzle method of Knutson and Tao [KT03] works very efficiently for the case where ¢ = 0 and
can be generalised, by Buch [Bucl5], to include the case where ¢ # 0. However these generalised
puzzles involve far more pieces and the rule for inputting the partitions as 012-strings is slightly more
complicated, and we would still need to use this method repeatedly to find the quantum equivariant
Kostka numbers since the puzzles are used to compute quantum equivariant Littlewood-Richardson
coefficients. In order to get the quantum equivariant Kostka numbers we have to apply the method
repeatedly to account for the multiplication by each e, (z|y).

The method that we introduce allows us to stack lattice rows and read the statistics from the
diagram. However we must keep track of which E, is acting on each row. If it can proved that
77=1E, acting on row j of the lattice affects the statistics by adding j — 1 to £, then this would
seem to be a simpler way to calculate the Gromov-Witten invariants than the other methods which
we have explored in this thesis.
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