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Abstract

o A) 16 the instanton partition
function of the Aps quiver gauge theory with Ay gauge group with Np = 2(N 4 1) matters. We set all the
Chern-Simons levels to be zero. Then, the S-duality claims the invariance of Zi(néé\f A1) under the exchange
between N and M. The main object of the present thesis is to prove this claim. By rewriting the equality in
terms of the topological vertex, we obtain the duality formula under changing the preferred directions.

The key ingredient of the proof is the operator realization of the topological vertex. This is achieved by
the intertwiners of the Ding-Tohara-Miki algebra. By gluing the intertwiners, we can realize what we call the
Mukadé operator. The matrix elements of the Mukadé operator factorize as the products of the Nekrasov
factors. This formula proves the claim. Moreover, the Mukadé operator reduces to the primary fields of
the Virasoro algebra, under the ¢, — 1 limit. In the gauge theory terminology, this limit corresponds to
the reduction to the four dimensions. Then, the matrix elements formula of the Mukadé operator can be
interpreted as the proof of the five-dimensional analogue of the Alday-Gaiotto-Tachikawa correspondence.

We deal with the five-dimensional A/ = 1 super Yang-Mills theories. Let Z, (An,



Contents

2 Main Claim: Duality under S-transformation|
2.1 Geometric Engineering] . . . . . . . .. L oL
2.1.1 Instanton Counting|. . . . . . . . . . . . . . . e
2.1.2  Topological Vertex and its Refinement| . . . . . . .. .. ... ... ... ... ......
2.1.3  Geometric Engineering|. . . . . . . ... Lo Lo
2.2 S-duality and Main Claim| . . . . . .. . 0. 0 00
[2.2.1  Main Claim in terms of Refined Topological Vertex|. . . . . . .. .. .. ... ... ...
[3 Macdonald Symmetric Functions and Ding-lohara-Miki Algebral

3.1 Macdonald Symmetric Polynomials| . . . . . ... ... ... 0000000000

3.1.1  Definition for A-typel. . . . . . . . L e
BI2 Kenel Functionl . . . .« o v vt
8.1.3  Pieri Rules and Skew Macdonald Polynomials|. . . . . .. ... ... ... ... . ...
B.1.4 Tableaux Sum Formulal . . . . .. ... ...
3.1.5  Some Important Properties| . . . . . .. ... L oL
[3.1.6 Relation to Other Symmetric Functions| . . . . . .. ... ... ... ... ........
3.2 Macdonald polynomials on Fock Space . . . . . .. ... ... Lo L
3.2.1 acdona perator and Stability| . . . . . ... ..o
8.2.2  Explicit Construction| . . . . . . . . .. . L
[3.3  Ding-lohara-Miki Algebra iy, . . . . . ... ... ... o oo oo
331 From Macdonald to DIM| . . . . . .. ... .
[3.3.2  Definition of Algebral. . . . . . ... ... o o
3.3.3 op gebra Structure] . . . . ... Lo
[3.4 U, -modules and Intertwiners| . . . . . ... ... 0oL o
3.4.1 Two Types of (0,0)-modules] . . .. ... ... .. ...
3.4.2  (0,1)-modules & (1, M)-modules| . . . ... .. ... ...
3.4.3 Intertwiners and Refined Topological Vertex|. . . . . . ... .. ... ... .. ... ...
[3.5  Miki Automorphism (S-duality)[. . . . . . .. ...
3.5.1 Structure of Uy | . . . . . . oL
3.5.2  Duality between (0,1) and (1,0) Representations| . . . . . . . . ... ... ... .....
3.0.3  Higher Hamiltonians| . . . . . . . .. . .. o
3.6 Shuffle Algebra and Feigin—Odesskii Algebral. . . . . . . ... ... ... ... ... .. .....
BOT _DefNIOnl - - « « « o v v v ovoe e e e
13.6.2  Family of Commuting Operators| . . . . . . . . . .. . . ... ... .. .. ... .....
8.6.3  Examples| . . . . ..




|4 Generalized Macdonald Functions on N-Fock Tensor Space] 54

4.1 Bispectral Macdonald Functions| . . . . .. ... . oo 54
ELTT Definffion] . . - -« o oot e e 55

ET2 Duality] . . . . . . o 57

413 Analytic Property] . . . . . . . . . 58

4.1.4 Factorization Formulal . . . . . . . . . . . 58

4.2 Generalized Macdonald Functions on Fock Tensor Space| . . . . . . . .. .. ... .. 59
21 Definition] . . . . . . . oo 60

4.2.2  Explicit Formula tor Generalized Macdonald Functions|. . . . . .. ... ... ... ... 61

423 Integral forms|. . . . . . . . . 65

4.3 Generalized Macdonald Functions and Singular Vectors of g-Detormed VW-Algebra] . . . . . .. 66
4.3.1  Screening Operators and g-Detormed Wy-Algebral . . . . ... .. ... ... ... ... 66

[4.3.2  Example: g-Virasoro Algebral . . . . . ... ... ..o o oo oo 70

M35 Kac Deferminant FOrmulal - - -« « v v oot v e e 71
|Appendix 4.A  Proof of Propositions| . . . . . . . . . . .. 74
4.A.1 Proof of Proposition |4.2.23] . . . . . . . . .. 74
|-5_Main Theorem: Mukadé Operator and its Matrix Elements| 76
BI MukadZ Operator] . . . . . . . o o o o e 76
B.I.1  Definitionl . . . . . . . . L e 7

b.1.2 FExistencel . . . . . . e 7

B2 Main Claiml - . . . . . o o 79
5.2.1 Application to Physics| . . . . . . .. 79

5.3 ajihara-Noumi Identity]. . . . . . . . . . . . o 86
5.4 Proof of Main Theoreml . . . . . . . . . . . . . 88
|Appendix 5.A Idea of Another Proof for N=1Case| . . . .. . .. .. .. .. ... ... .. 94
|Appendix 5.5 Proof of Propositions| . . . . . . . . .. . L 95
[5.B.1 Proof of Proposition[6.3.7] . . . . . . . ... ... 95

5.B.2  Proot of Proposition [5.1.9( . . . . . . . . ... 99

6 Macdonald Functions Revisited| 101
6.1 Bispectral Macdonald Functions from Topological Vertex| . . . .. ... .. ... ... ..... 101
[T_Conclusion| 105
[7.1 _Recapitulation of Main Results| . . . . .. ... ... ... ... ... ... 0. 105
7.1.1 pplication to Physics| . . . . . . . .o 106

[[2 Future Directiond . . . . . . . . . . . . 106
[A_Remarks on Physical Facts| 109
1 Super Yang-Mills and Instanton Counting] . . . . . . . . v v v v v v vt 109
IA.1.1 Instanton Counting in 4D| . . . . . . . . . . . . . . . ... 109

[A.2 Topological Vertex| . . . . . ... ... ... . 111
[A.2.1 From (p,q)-web to Topological Vertex| . . . . . . .. ... ... ... ... ...... 114
[B_Some Useful Formulas| 116
B.1__Some Formulas for Nekrasov Factor] . . . . . . .. . . ... .. .. ... .. .. ... ... .. 116
IB.1.1 List of operator products| . . . . . . . . ... L 116




Notation

General Notation

Uqg: : Ding-Iohara-Miki Algebra
AN N-th coproduct of U, ;

N (€ Z>1) : Number of Fock tensor spaces

U(N) : Algebra generated by X,(Li)’s
P . Set of all partitions

An:Q(q,t)[xl,.,,,xn}6n7 A:r&lnAn

v =(t/q)'?

p=(-1/2,-3/2,-5/2,...)

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

fol f9ln o8 : Bispectral Macdonald functions (Definition 4.1.2)
G(z) = H;Cj:o(l —z2q't77) : G-factor

Ny,(u) : Nekrasov factor (Definition 2.1.1)
R A=A, @ ® Ay,

N
Hngigm A= Ap X Ay X - X Ay

Notations concerning Partitions (A € P)

Al =221 A
X' ¢ Transpose of \
£(A)=A; : Length of A

n(A) = ZiZl(i — 1A
Ii()\) = Zi )\z()\z +1- Qi)
AP =32, A2



ax(i,j) =X;—j : Arm length of (i, )

€x(i,j) =N, —i :  Leg length of (i, )

a\(i,j)=7—1 : Co-arm length of (i, j)

0\ (i,j)=1—1 : Co-leg length of (i, j)

A(M) (resp. R(A)) : Set of coordinates where we can add (resp. remove) a box
fa = (=DM gnOD)+N/2g=n(N)=IM/2 . Taki’s framing factor (Definition 4.2.27)

g = "))

U,-modules and Intertwiners

FEM (1, M)-module (Fact 3.4.3)
Fon (0,1)-module (Fact 3.4.4])
Fu :  (N,0)-module in Chapter

O(z), 2*(z), Pa(z), P5(x) : Intertwiners and its matrix elements(Fact 3.4.5))

States in Fock Tensor Spaces (A = (AN, ..., A(M)) ¢ PY)

|Xx) ({(XA]) : PBW basis (Definition 4.2.6)
|Pxr),(Px] : Generalized Macdonald functions (Fact 4.2.9))
@x) =TI 22 1P)

A(9)

|[Kx),(Kx| : Integral form of generalized Macdonald functions (Definition 4.2.25|)

Vertex Operators

SW(z) (i=1,...,N—1) : Screening currents (Definition 4.3.1))

S (z) = §®)(y=2kt=15) . Shifted screening currents

®©(z) : Top component (Definition 4.2.14)

®*)(z) (k=1,...,N—1) : Screened vertex (Definition 4.2.16)

g(z,y1, .. yr) = % Hf;ll oq(tug:(ltzi:i%f;’lyi) :  Integral kernel in screening operator
VO (21, apm) = iz <n, @O @000 Tz <n, @V @) ik <oy @YV (@00in0,)

Composition of screened vertex operators (Definition 4.2.20))

V(x) = V(,Z ;x) : Mukadé operators (Definition 5.1.1))
TV (u,v;w), TH (u,v;w) : [Definition 5.1.8




Multiples of Partitions and Parameters

u = (uy,...,un), Spectral parameters of N-fold Fock tensor spaces
0= (uy, . w, P g, U1, UN)
1% = (Upy ey U1, tUG T U1, Ui e, UN)
R = (M, TN )

n=(ny,...,ny) : n;stands for the number of ®*’s in V(™) (z)

In| = Zfil ni, Total number of the ®@’s in V(™) (z)
[ K] = [i, Kl o= 2 s + K
m = (my,...,my), m;is the number of the ®®’s in |Qy)
m| = Zil m;, Total number of the ®*’s in |Q2)
[i, Klm = o2y ms + k
s =(s;), Generic parameters in Macdonald functions
Especially, in some propositions in Chapter 4] and [5] they are specialized to
Sial, = ¢ Ry, (1<k<n,i=1,...,N)
S|n|+[ik]m = timmiky, 1<k<mgi=1,...,N)
A= (0O, AWy e pN

A" = (AP 1<icpm) = A, A AP A



Chapter 1

Introduction

General Motivation

String theory is a well-known candidate of the theory which describes the quantum gravity. Moreover, apart
from its original motivation, the existence of rich structures of various kinds makes the theory more intriguing.
In the present thesis, we will study two such features of the string theory, that is, duality and integrability. Here
let us make an excuse on this point. As we will see, our main interest is the quantum field theories (QFTs)
which are obtained as the low-energy effective theories of the string theory. Especially, we are interested in
the QFTs which live on the branes, the various dimensional dynamical objects in the string theory. Typically,
the theories obtained in this way belong to a special class of QFT's, the class of supersymmetric QFTs. Thus,
what we actually study in this thesis are duality and integrability in supersymmetric QFTs. In a word, the
aim of the present thesis is to study the dualities (just conjectures) from the integrability in QFTs. Let us see
this in more detail.

What is interesting about the string dualities is that the dualities which seem rather trivial in the string
theory, end up with the highly non-trivial dualities in QFTs. As a consequence, those dualities produce the
highly non-trivial identities among their physical observables, especially, their partition functions. In this
thesis, we deal with the five-dimensional N' = 1 (i.e. with eight supercharges) supersymmetric Yang-Mills
theories. As we will see, this class of QFTs has nice property. These theories can be engineered by the
(p, q)-webs [39L 2]. The (p,q)-web is the grid diagram, whose edges describe the fivebranes in the type IIB
superstring theory. In order to explain these diagrams, we have a quick look at the type IIB superstring theory.
The superstring theory is defined on the 9 + 1 dimensional spacetime, and especially in type IIB string, the
(5 + 1) dimensional objects called the fivebranes exist and fill the six dimensions out of the ten dimensions.
These fivebranes in the type IIB string are labelled by the two charges [94], that is, the magnetic charges of the
R-R potential Cy and the magnetic charges associated with the NS-NS 2-form gauge field Bs in terms of the
type IIB supergravity. Because of the Dirac quantization condition, these charges are restricted to integers.
We denote them by (p,q). The fivebranes with one former charge are denoted by the (0, 1)-fivebranes and
those with one latter charge are by (1, 0)-fivebranes. In most of the papers, the (0, 1)-fivebranes are called the
D5-branes, and the (1,0)-fivebranes are the NS5-branes. E|

In order to see the 5d theories are actually produced, let ¢, (i = 0,...,9) be the coordinate of the ten-
dimensional spacetime. When we put all the fivebrane from z° to x*, we have one more dimension to fill.
Then, we put the fivebrane with the charge (p,¢) on the line with that slope in the two-dimensional (2°, %)
plane. Forgetting about 20, ...,z we obtain the two-dimensional diagrams which indicate the positions and
charges of the fivebranes. We refer to this diagram as the (p, q)-webs. For example, the D5-branes become
the vertical lines in this diagram, while the NS5-branes the horizontal lines. Here, let us briefly see why these
webs engineer the 5d N' = 1 super Yang-Mills as the low energy effective theories. When we take the low
energy limit, the fine structure of the brane-web is lost, and shrink to a point in the two-dimensional grid
diagram. The branes on this point are five-dimensional, that is, they fill (2°,...,z%). Qualitatively speaking,
this is the reason why the IR theories are five-dimensional. Then, the information about gauge groups can be

1For later convenience, we use the unusual notation. In most of the references, the D5-branes are denoted by (1,0)-branes.



read off from the diagram as follows. As an example, consider the following (p, ¢)-web:

T—>xs

This diagram shows two parallel D5-branes are stretched between two NS5-branes. This web engineers the
N = 1 pure theory with G = SU(2). This is because the strings stretched between the parallel D5-branes
(the wavy line in the figure) behave as the gauge bosons. The number of parallel D5-branes is the rank of the
gauge group. This is why the (p, ¢)-web contains enough information about QFTs. Let us remark that these
webs have been studied extensively when the gauge group is of A-type (SU(N)). Except for that case, we
know the construction of the C- or D-type gauge group using the orientifolds. See for example [58), 40],

The duality which we deal with, acts on the charges of branes and changes the brane configuration. This
seems rather simple operation in the string theory, though for the supersymmetric QFTs in the IR, it shows
very strange result. In general, it completely changes the structures of QFTs such as gauge groups, and
matter contents. It sometimes changes the theory which admits the Lagrangian description to the theory
which does not. For the type IIB superstring, one of the conjectural dualities is the SL(2,7Z)-duality. Put
7= Cp+iexp(—P) with Cy the scalar potential and ® the dilaton field in the type IIB supergravity. Roughly,
this becomes the complexified coupling constant in the IR. At the level of the supergravity, the action is
invariant under the SL(2,Z) action on 7 and (p, q),

at +b P a b\ (p . a b
N N 1A R peye)

Note that it is conjectured that this is the exact duality in the type IIB superstring. In what follows, we
refer as the S-duality to the S-transformation in this SL(2,Z). (Note that SL(2,Z) is generated by S- and
T-transformation which satisfy some relations.)

Let us again remark that what we call the string dualities are just conjectures, and there is no proof for
them. Thus, the non-trivial identities in QFTs we obtain as a result, are also conjectures. The lack of those
proofs drives us to study these dualities.

The key tool to attack this problem is integrability. The supersymmetric QFTs we deal with have at least
eight supercharges. The theories in this class have been extensively studied, and many remarkable features
have been revealed. One of them was found in [99, 100, 84] and numerous works that followed, and it says that
they are integrable, especially in the sense that the partition functions of these theories (though the space-
time manifolds where they live are not completely free,) can be computed exactly. In general, integrability
is governed by an algebra behind it. For example, the R-matrix, the solution to the Yang-Baxter equation,
governs the integrability of, say, the spin chains on lattices, and at the same time, reproduces the algebras like
Yangian which ensure the existence of enough amount of integrals of motion.

When supersymmetric QFTs with eight supercharges live on the 4d space <C§175 , called C? with the omega
background, the algebra which determines its integrability is known, and the answer is the YW-algebra or the
affine Yangian of gl;. This is the discovery by Alday, Gaiotto, and Tachikawa in [4} 12I]. This proposal is
quite surprising because the W-algebra describes the symmetry in 2d conformal field theories (CFTs), while
the theories we think of live on 4d.

Now, the situation we are interested in is the theories live on the 5d space (Cfb62 x S1. In this case,
the answer is given in [I4] [15], and it is the Ding-Tohara-Miki (DIM) algebra. This algebra is the quantum
deformation of the algebra which appears when we consider the 4d theories. The DIM algebra plays the central
role throughout this thesis.

Combining all the above, our aim is to prove the non-trivial identity among the partition functions of 5d
theories with eight supercharges, with the help of the Ding-Tohara-Miki algebra. This is our general motivation,
and in what follows, we explain this goal more concretely and show the summary of what we prove.



8 1 Introduction

Detailed Motivation and Summary

Among the string dualities, the most classical and engrossing one is the S-duality, which was originally
introduced in order to avoid the UV divergence in the string amplitudes [94]. Let us see the consequence of
the S-duality in the field theories. We can make the following important observation. As noted above, because
the S-transform in SL(2,Z) acts on the charges (p,q) in the fundamental rep., that is, acting on (p, q) by

s=(1 ) oo Can),

the S-transform flips the (p, ¢)-webs along the diagonal line (we neglect the overall minus sign).

The main example we deal with in this thesis of the five-dimensional theory is the Ay; quiver gauge theory
with Ay gauge group (G = A$M) with Np = 2(N + 1) matters and the Chern-Simons levels & = 0. We
call this theory the (Ay, Apr)-theory and denote its the partition function of this theory by Z(AN.Ax) - We
concentrate on this theory because it is the most general one as far as we consider the A-type gauge groups.
For the other types of gauge groups, there still exists a problem that the closed forms (which do not include
integrals) of the instanton partition functions are not known, and thus those theories are not good objects to
deal with.

This theory is engineered by the following (p, ¢)-web:

N+1

M+1

That is, we have N + 1 parallel D5-branes, and intersecting M + 1 parallel NS5-branes. The marked lines
indicate the (0,1) é.e. the D5-branes’ direction. As noted above, because the S-transform flips the diagram
along the diagonal line, the S-duality exchange N and M in Z(A~-4m)  Thus we have the following conjecture.

Conjecture. As the consequence of the S-duality, we have

Z(ANAM) Z(AM7AN)’ (1.0.1)

where ~ means both sides are identical up to some overall factor. This extra factor has a natural expla-
nation when we consider the topological string theory. See the discussion below.

The main goal of this thesis is to prove the claim above. Note that the proof of this claim using the
K-theory is almost done in [23] for N = 1 case, and in [80] for generic N. We give another proof using the
Ding-Iohara-Miki algebra and the Macdonald functions. Later we will discuss the difference between those
previous works and our result. See Remark below.

One more important fact is we can rephrase the fact above in terms of the topological string theory. Using the
string dualities (see Appendix and for more details), we can engineer the same theories using the
A-type open topological string theory. The topological string theories are obtained by coupling the gravity to



the two-dimensional topological sigma models, whose target spaces are typically chosen to be the Calabi-Yau
threefolds (i.e. three complex dimensions). Especially, we are interested in the case where the Calabi-Yau
threefolds are toric. In this case, the Calabi-Yau threefolds are uniquely determined by the web diagrams
called the toric diagrams, which indicate the fixed loci of the torus actions. The concept which connects the
topological string and the 5d A/ = 1 SYM, is called the geometric engineering. It ensures that it is possible
to compute the partition function of the 5-dimensional QFT which is engineered by a (p,q)-web, by the
topological string on the toric Calabi-Yau manifold whose toric diagram is of the same form as the (p, ¢)-web.
Note that from this point of view, the duality formula is called the fibre-base duality [74], because the flip
of the toric diagram corresponds to exchanging the base manifolds and fibres.

The contribution for the topological string amplitudes can be regarded to come only from the strings
localized on the toric diagram, and this motivates us to develop the diagrammatic technique to compute the
partition functions of the topological string. This technique is called the refined topological vertex [I 47], and
it provides the systematic way to compute the topological string partition functions. The refined topological
vertex is defined by

C\mV (g, 1) = (q/)IMIPHIMID 2 46072 b, (40, 4, 1)

Apv
3 (q/t) NI PG ) s, (T 0P )
n

with P, the Macdonald polynomial and sy, the skew Schur polynomial, and C’/(\Ilﬁv) can be represented by

the trivalent diagram.
v
H IKV
/L O (q.t) .

A

As is obvious from its form, one direction corresponding to v is special. This direction is called the preferred
direction. In the diagram, the preferred direction is denoted by the marked edge. Under the string dualities,
(0, 1)-fivebranes corresponds to the preferred directions. The gluing of two vertices means to take summation
over all the partitions about the partition associated with the glued edges.

Using the refined topological vertex, we can also rephrase the conjecture on Z(A~-4m) By the geometric
engineering, Z(A~-4M) is obtained by arranging them in parallel crosses like the (p, q)-web above. We assign
the emptyset to each external edge. Note that to represent the 4-valent crosses in the diagram, we glue two
topological vertices as follows:

V2
. 1 J
151

Z(AN,AM)

top. . Here, let us remark

We denote the topological string partition function obtained by this way by
the relation between Z(Ax:An) and Z{Ax-Ax)

top.
factor by Z{ANAM)  That is,

extra

. They are identical up to an overall factor, and we denote the

Z(AN,AM) _ Z(AN7AZM) ~Z(AN’AM) ]

top. extra

The concrete form of ZANAM) will he given in Section The main conjecture above is actually the

extra
invariance of this function Z{AY M) ynder the S-duality.

top.



10 1 Introduction

Conjecture (See [Conjecture 2.2.1} [Proposition 5.2.6[ and [Conjecture 5.2.9). From the S-duality of the
type 1IB superstring, we conjecture

An,A Ay, A
Ziy ) = i) (1)

Let us remark that when we take ¢ — ¢, which is called the unrefined limit, there are no preferred directions,
and the unrefined topological vertex is invariant under any permutation of the partitions associated with each
edge. This was proved in [9I]. Thus, in this limit, the conjecture becomes trivial. In this limit, the vertex
counts the number of the plane partitions (the three-dimensional partitions) with the fixed asymptotic states.

Now, to simplify the problem, we decompose the toric diagrams to the following ladder diagrams:

0
‘u(N+1) % A(NV+1)
N+1 |
:LL(Q) A(Q)
u(l) A(l)
0

' and A\ are the partitions associated with each edge. We denote the gluing of the topological vertex in
this form by C;: u (Definition 2.2.2)). Then, changing the preferred directions in CK 1, ends up with the following
diagram:

N +1

J(NF1) (V) e

I S
T I

AN+ A (V) A

We denote the gluing of the topological vertex in this horizontal ladder form by C/I\{u (Definition 2.2.2f). Then,
it is easily shown that the main claim is equivalent to the following equation (Claim 2.2.3)):

Ci{u ~ Z TA*/,O'TH/J/ Ct‘r/,u s (2)

a,uGPN+1
[ =] v]=]p]

where T;\',a and T, , are some matrices which satisfy
* —
E :TAJLT)\,V - 5#»” .
A

~ means the both sides are equal up to the trivial monomial factors. Moreover, Cf, ., can be computed directly,

and we obtain
N+1

Cf,u ~ H Ny o (qui/tug) (3)
ij=1
where N ,(u) is the Nekrasov factor, and ~ means we omit the monomial factors.
It is easy to restore the original claim from this equation. That is, when we compose M +1 C’s and M +1

Zt(i)"_”’AN) and the latter becomes Zt(c‘::j_v’AM). As is explained in [Definition 5.2.12I7

C"’s, the former becomes




11

unfortunately, it is too much to expect T, = T , = 0a,u- They are given as the transition matrices from
the generalized Macdonald functions to the tensor of Schur functions.

Now we summarize the strategy to prove the main claim above. In order to prove, we construct the

operators whose matrix elements become C) ,. In order to construct them, we make use of the intertwiners

of the modules of the Ding-Iohara-Miki (DIM) algebra U, ¢ . As noted above, the DIM algebra
describes the infinite symmetry of the 5d A/ = 1 supersymmetric QFTs. As we see in
Chapter [3] this algebra acts on the space which is spanned by the Macdonald functions. Because the space
spanned by the Macdonald functions is isomorphic to the Fock space of the Heisenberg algebra

1— g™l

[amaan] = ml —4Iml

5m+n,0 )

the Fock space is endowed with the U, ;-module structure. The module structure is not unique. They are
labelled by the two integers (n,m) corresponding to the images of the two centers in U, ,. At this point,
the (0,1)-modules and (1, M)-modules (M € Z) are known, and they are enough for our purpose. Then,
in [9], the intertwiner from one (1,1)-module to the tensor of one (1,0)-module and one (0, 1)-module (and
its inverse) was introduced. Because these intertwiners connects three U, ;-modules, they can be represented
by the trivalent vertices. Surprisingly, the matrix elements of these intertwiners with respect to the Schur
functions agree with the refined topological vertex (Proposition 3.4.9)). From this proposition, we can see the
preferred directions correspond to the (0, 1)-modules, thus the charges of the fivebranes are identified with the
labels of the U, ;-modules. By this observation, we use the same diagram as the refined topological vertex to
indicates the intertwiners. Then, combining these intertwiners like the ladder diagram of C)‘C s We construct
the operator 7" (Definition 5.1.8). Let A = (A, ..., A(")) be an N-tuple of partitions, and |s,,) be the tensor
of the Schur functions (Notation 5.2.10)). In the end, it is easy to check that the matrix element (Sx| 7" |s,)
is identical to C)‘C” (Lemma 5.2.11). This 7" ensures the existence of what we call the Mukadé operator,

defined below. Let F, = Q) j:lfuj be the N-fold tensor space of the Fock spaces.

Definition (See [Definition 5.1.1). Let V(x) : Fo — Fop be a linear map satisfying the commutation
relations " 4 . '
(1-2)xVeVE) = (1-#/a'2) V@) XOE) (=1, N), (4)

and the normalization condition (0| V(x) |0) = 1. We refer to this operator as the Mukadé operator. Here
|0) (resp. (0|) is the vacuum (resp. dual vacuum) state.

Roughly speaking, X (i)(z)’s (Definition 4.2.3) are the generating currents of ¢-deformed W-algebra for
g = An_1. Then, we compute the matrix elements of the Mukadé operator. As easily seen, it is not smart to

compute the matrix elements directly with respect to the Schur functions. Instead of that, we introduce the
better basis of the Fock tensor space JF,, called the generalized Macdonald functions. The introduction and
construction of this basis are the main subjects in Chapter |4l We denote by |Kx) = |Kx(u)), the canonical
form of the generalized Macdonald function on F,, (Definition . These states are called the integral
forms of the generalized Macdonald functions. Then, the following theorem, which was conjectured in [§], is
our final result.

Theorem (See [Theorem 5.2.1). We have

M N I N
(_72)N6N(u)x U, g (i)
( ! T | I Ny o (quiftug) . (5)
(v2z) ! L (A 1
=1 (”‘ 9>\<i)> i,j=1

(Ex(0)| V(2) [Kp(u)) =

3
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Here, v = (t/q)Y/?, ex(u) = uy---un and Ny, is the Nekrasov factor. For the definition of gy, see
Definition [{.2-27

This becomes the proof of the main claim above. Denote by T} ,,, the transition matrix from the generalized
Macdonald functions | Px) to the Schur functions |s,). Then, combining this T’ ,, (2 and , we can conclude
the proof of the equation 7 and thus that of the main claim (1)). For more details, see Section

Now what is left is to prove the main theorem . Chapter [5|is devoted to this proof. Recall the Mukadé
operator V(x) : Fo, — F, depends on the two sets of parameters, u and v. Then the proof is by the analytic
continuation on the parameters v. That is, we first tune the parameters as

v; — t"u;, for Vn; € Zzé(/\i) .

(X are the Young diagrams in the bra vector.) Under this specialization, the Mukadé operator has a drastically
simplified realization V(™) (). Then the matrix elements of V(™ (z) become the Macdonald functions. Next,
we apply the Kajihara-Noumi transformation formula (Section to the Macdonald functions, and we obtain
the Nekrasov factors with the variables specialized. Finally, we analytically continue them to the generic
parameters v by the identity theorem.

Remark. Here, we explain the difference between the previous work [80] and our result. (Note that the result
in [23] corresponds to the case N =1 in [80].) Roughly speaking, in [80], they follow the top-down approach,
while our approach is bottom-up.

Let us refine this statement. Let K, be what is called the equivariant K-group of the instanton moduli
space, which is isomorphic to F,, as a vector space. They firstly introduce what is called the Ext-operator
D, (2) 1 Ky — K, (withm a pammeterﬂ whose matriz elements are given by the Nekrasov factor.(Note that
this is the definition of the Ext-operator.) Then, they prove that the definition is equivalent to the fact that
., (2) satisfies the following commutation relations with the generating currents Wi (y) (k =1,...,N) of the
q-Wn algebra:

b mFen(u)z &
1-1;[1 (1 — qN_leN('U)y> : (‘I’m(z)Wk(y) —m Wk(y)q)m(z)) =0.
Note that Wy, (y) is essentially same as X ) (y) in our definition of V(z).

However, once we forget the original definition of the Ext-operator, these commutation relations do not
define the operator uniquely. More concretely, for k > 2, the matriz elements (0| (Wy) 1P (2)]0) (1 <1< k)
(with (Wy,); the l-th mode of Wi(y)) cannot be computed from the defining relations. Thus once we adopt these
defining relations, we have some degrees of freedom to add some operators to the Mukadé operator. (Note that
the Mukadé operator also satisfies these relations in addition to its defining relations.) By recalling that the
Mukadé operator can be identified with the glued topological vertices in the shape of the ladder (that is, TV ),
it is obvious that this situation (where there are degrees of freedom to add some extra operators to the refined
topological vertez,) is not good for our purpose to see the duality formula for the refined topological vertex. For
short, because of these extra degrees of freedom, the Ext-operator cannot be uniquely identified with TV . This
is why we take the bottom-up approach in our work.

Moreover, the equation has one more interesting application. In order to explain it, we first briefly recall
the Alday-Gaiotto-Tachikawa (AGT) correspondence [4]. The AGT correspondence claims the equivalence
between the instanton partition function and the Virasoro conformal block. This conjecture has been proved
in [71], [97] and [3]. The idea of the proof is to confirm the equivariant cohomology of the instanton moduli
space admits the Virasoro module structure. Especially, [3] proves the correspondence by showing the matrix
elements of the Virasoro primary field with respect to the generalized Jack functions, are equal to the 4d
version of the Nekrasov factors.

We can also state the five-dimensional analogue of the AGT correspondence EL that is, the equivariant
K-group of the instanton moduli space admits the ¢-Virasoro module structure [76].

2More precisely, the Ext-operator and ®,,(z) in [80] differ by a simple factor. We omit the difference for simplicity.
3 Although the g-deformation of the conformal field theory is not defined, from this point of view, this does not matter.
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Now we come back to the Mukadé operator. We can show that when N = 2, under the limit ¢,t — 1, the
defining relation of the Mukadé operator reduces to

L, V(2)] = 2" (zai +h(n+ 1)) V(z).

This is the defining relation of the Virasoro primary fields. Therefore, the Mukadé operator can be regarded
as the g-analogue of the primary field. Then, the main theorem means the matrix elements of the ¢-
primary field with respect to the generalized Macdonald functions are equal to the (5d) Nekrasov factors,
and thus becomes the five-dimensional analogue of the proof ¢ la Alba-Fateev-Litvinov-Tarnopolsky [3] of the
Alday-Gaiotto-Tachikawa correspondence [4].

Structure of the Thesis

This thesis is organized as follows. In Chapter [2] we briefly summarize the results concerning the refined

topological vertex and the concept of the geometric engineering. After introducing them, we show the main

ZANAM) ang Z{AAN)

top. top. as

claim which is the consequence of the S-duality. That is, the equality between
noted above.

Chapter [3]and Chapter [ are irrelevant to Chapter [2] These two chapters are devoted to the explanation
of the Macdonald functions. In Chapter [3] we review the Macdonald functions, realized on the Fock space,
and the algebra associated with this symmetric functions. In this chapter, we see the Macdonald functions on
the Fock space can be regarded as the limit of the Macdonald polynomials where the number of the variables
goes to infinity. We introduce the vertex operator 1(z) whose zero mode is intertwined to the Macdonald
operator in the case of the finite variables under the appropriate projection. After that, we review the explicit
algorithm to construct the Macdonald functions on the Fock space. For this purpose, we prepare two tools,
the Macdonald polynomials and the vertex operator called the top component. By multiplying the Macdonald
polynomial to some products of the top components, taking the constant term, and applying the resulted
operator to the vacuum, we obtain the Macdonald function on the Fock space. Next, we study the algebra
associated with this current 7(z). In the end, this algebra turns out to be the Ding-Iohara-Miki (DIM) algebra
Uq,t. We summarize the known results about the representation theory of the DIM algebra. One of the key
ingredients in this thesis, the intertwiner of U, is introduced in this chapter.

Chapter [4] is devoted to the extension of Chapter [3] to the Fock tensor spaces, that is, the introduction of
the generalized Macdonald functions. The story goes almost the same way as in Chapter [3] The generalized
Macdonald functions are defined as the eigenstates of the zero mode of A(n(z)), where A is the coproduct in
Uqt. From the lesson we learned in the previous chapter, we know that in order to construct such states, we
first have to know about the ”polynomials”. We see that the answer is what is called the bispectral Macdonald
functions. Moreover, the analogous vertex operator of the top component requires the screening currents of
g-deformed W-algebra. In this chapter, we mainly study these two ingredients, the bispectral Macdonald
functions, and the screening currents.

Preparations in all the former chapters come to fruition in Chapter [5| We give the algebraic proof of the
main claim stated in Chapter [2] using theorems in Chapter [3]and [l More precisely, we prove the formula for
the matrix elements of the Mukadé operator with respect to the generalized Macdonald functions. The key
tool for the proof is the Kajihara-Noumi identity, which is roughly the Euler transformation formula for the
multiple hypergeometric series.

In Chapter [6] we revisit the bispectral Macdonald functions. We realize the Macdonald functions as the
compositions of the Mukadé operators (with parameters specialized).

This thesis is based on the following paper [35]:

e M. Fukuda, Y. Ohkubo and J. Shiraishi, ” Generalized Macdonald Functions on Fock Tensor
Spaces and Duality Formula for Changing Preferred Direction”, arXiv:1903.05905[math.QA].
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The original part in the present thesis is provided in some part of Chapter ] Chapter [5]and Chapter [} More
precisely, in Chapter [l Chapter [l and Chapter [6] all the lemmas, propositions and theorems which have no
citations in their labels, are the original works.



Chapter 2

Main Claim: Duality under
S-transformation

In this chapter, we summarize the facts known in the string theory and show some claims which the string
theory conjectures. The proofs of those claims are the main object in this thesis.

In Section [2.1] we review the concept called the geometric engineering. It relates the five-dimensional super
Yang-Mills (SYM) theory to the topological string theory. More precisely, through this correspondence, the
partition functions of the 5d SYM can be computed as the partition functions of the topological string. Thus
we first summarize the exact form of the 5d SYM partition functions, especially their non-perturbative part
called the instanton partition functions. Then, we see the idea of the topological vertex, which gives us the
technique to compute the (limit of) topological string partition functions. The geometric engineering suggests
these functions agree with each other. We deal with two examples. First, the simplest one, the pure Ax gauge
theory. The second one is the Ap; quiver gauge theory with Ay gauge groups. We refer to the latter theory
as the (Ap, Apr)-theory.

In Section we see the string duality called S-duality claims the highly non-trivial identity between the
partition functions of (Ax, Apr)-theory and (Aps, Ay)-theory. Moreover, this identity suggests the duality
formula under changing the preferred directions of the refined topological vertex. Again, note that these
formulas are consequences of the string duality, and they are merely conjectures which have to be proved. The
proofs are delivered in Chapter

2.1 Geometric Engineering

2.1.1 Instanton Counting

Our main concern is the 5d A/ = 1 (i.e. eight supercharges) super Yang-Mills (SYM for short) theory. This
class of QFTs has been extensively studied since the original work [98] by Seiberg. Throughout the thesis, we
only consider the case that the 5-dimensional theories live on CZ, _, X Sj, where R stands for the circumference
of S1. This geometry is defined by the identification

(z,w,y) ~ (e z,e 2w,y + R), for (z,w)ecC?, yecSk. (2.1.1)

We refer to this geometry as the Q-background. In what follows, we put ¢ = e~ and t~! = e~ 2.
One of the salient features of this class of QFTs is the partition functions can be computed exactly. The
partition function is defined by the the path integral of the unity, that is,
z50 = / [D(fields)] e~ S[Eelds)] (2.1.2)

where S is the action of the theory we consider. (We always consider the Euclidean theories.) First, let us
see what kind of parameters this function depends on. Because C? is not compact, we have to specify the

15
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boundary conditions at infinity (i.e. the values of each field at infinity) to make the partition function finite.
We have two sets of such parameters w and m, specifying the boundary conditions. (u is the shorthand
notation for the multiple of parameters (u1,us,...).) u;’s are parameters corresponding to the exponential of
the values of A; +i¢p at infinity, where A; is the 5d gauge field along S' direction, and ¢ is the real scalar field
in the vector multiplet in 5d. In the limit where the theory reduces to 4d, they become the complex scalar in
the vector multiplet, we call them the Coulomb branch parameters. Similarly, in 5d, the real mass parameters
become the scalar field in a vector multiplet, and the component along S' direction of the vector field in
this vector multiplet and the mass are combined into a complex field. m;’s are parameters corresponding to
the exponential of the values of this complex field at infinity. In the 4d limit, this combination becomes the
complex mass parameters, and thus we just refer to them as the mass parameters in what follows.

Besides, the partition function depends on the coupling constant. In 5d, the coupling constant ~ 1/g>
becomes the real scalar field in the vector multiplet whose vector component couples to the conserved current
corresponding to the instanton number. We have to specify the value of this field at infinity, and we denote
the exponential of the parameter by q. q is called the instanton fugacity.

In the end, noting we also have ¢, t parameters, the partition function is the function of all these parameters,
that is,

250 = 250 (q,u,m|q,t). (2.1.3)

Moreover, the partition function is decomposed into the perturbative part Zi_jo0p and non-perturbative part
Zinst.v as b
Z5 = Zl—loop - Zinst. - (214)

We put the subscript “1-loop” to the perturbative part because it is one-loop exact thanks to the supersym-
metry.

First, we take a look at the non-perturbative part Zi,s., which is also called the instanton partition
function. (On the 1-loop part, we will give some comments later.) In the weak coupling limit, we can integrate
out the non-compact 4d space, and the instanton partition function of the theory reduces to the partition
function of the supersymmetric quantum mechanics on S!, that is, the following index (Section 4 in [84]):

Zinst. = 0" Zi, (2.1.5)
k=0
with q = e~ R/9* and
Zy, = try, [(—1)Fq‘]1t_J2uHmK] , (2.1.6)

where Hj, is the Hilbert space of the supersymmetric quantum mechanics whose target is k-instanton moduli
space and the meanings of the other symbols are as follows. We use the notations like u! = IL u?‘ Fis
the fermion number operator, Ji o are the generators of the Cartan algebra of SO(4), and II;’s (resp. Kj’s)
are the generators of the Cartan algebra of the gauge group (resp. the flavor group). The rough idea of the
derivation of the results in this section is explained in Appendix and for more details, see the references
cited there.

Using the localization technique, we can compute Zi,s. as the summation over the Young diagrams, which
represent the fixed points of the instanton moduli space. In order to show the closed form of Z,s., we
introduce the function, called the Nekrasov function.

Definition 2.1.1 (Nekrasov Factor). Let A\, u € P, define the function
Nau(w) =[] (1 _ uqam,j)te”(i,ml) I1 (1 _ uq—am,j)—lt—ex(i,j)) _ (2.1.7)
(i,5)€X (i,5)€En
Zinst. has the contributions from several multiplets. We summarize some of them in the following fact.

Fact 2.1.2. We concentrate on the case where the gauge group is G = Ay, and every vectors which appear
below have (N + 1) components.
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1. The vector multiplets:
N+1 1
Zyee. (U, A) = . 2.1.8)
( zgl Ny (qui/tuy) (
2. The bifundamental matter with the mass parameter m:
N+1
Zhifund. (v, Au, plm) = H N)\(i)p,(j)(mqvi/tuj)- (2.1.9)
i,j=1
3. The Chern-Simons term with level k:
N+1 N+1 "‘
ZosuAlw) = [ I (ued 't 7)" = enya(u) (H gw.)) : (2.1.10)
/=1 (3,5)EX®) =1
4. The fundamental and anti-fundamental matter with the mass parameter mE|
N+1 N+1
Zpund.(w, Ajm) = H Nywoglqui/tmj), Zu(u,Alm) = H Noxoo (gmyj [tu;) . (2.1.11)
ni=1 ij=1

Here, u are the exponentiated Coulomb branch parameters.

Let us see two examples. The first one is the pure theory, and the second one is the A-type linear quiver
gauge theory with the A-type gauge groups. The latter example is out main target, and its exact form is used

repeatedly throughout this thesis.

Example 1: Pure gauge theory with gauge group Ay with CS level &

Fact 2.1.3. For u € CN*1, the following function gives the instanton partition function of the 5d N' =1 pure

SYM with the gauge group G = Ay :

Z5 (alulr) = > 4™ Zog(u, AlR) Zoee. (u, A) -
A AN+ ep

Example 2: A); quiver gauge theory with Ay gauge group with Np = 2(N + 1)

We consider the following quiver diagram:

N+1 N+1

We denote the partition function of this theory by Z(A~-A4n),

1We use the slightly different notation for the mass parameters than conventional one for later convenience.

(2.1.12)
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Fact 2.1.4. For u®® ¢ CN*! (i = 1,..., M), My, € CN+L the following function gives the instanton
partition function of this theory:

-1

ZENA) (q)M D, u®D kmy, mg, (mi) M)

wnst.

M
(k) i
— Z Hq;j | Zos(@® AD k) - Zpee (w®, AP))

A(D) epN+1 k=1
1<i<M

M—1
% qund.(u(M)7 )\(M)|mf) ~Zaf,(’u(1), /\(1)|ma) H sz‘fund,(u(k),/\(k)\U(M—l), /\(k+1)|mk) )
k=1

(2.1.13)

Roughly speaking, the contributions from the vector multiplets come out of each node, and the bifun-
damental contributions are associated with the edges connecting nodes. As we will see in Chapter [5] the
parameters m; (i = 1,..., M — 1), which are related to the masses of the bifundamental matters, are fixed to
v = (t/q)"/?. When the Chern-Simons level k = (0,...,0), we refer to this theory as the (Ay, Apr)-theory.

Comments on 1-loop Part

Here, let us give some comments on the 1-loop part Zi.jo0p of the partition function. The closed formula for
Z1.100p 1s known (see [61] for the derivation), and the result is summarized as follows.

Fact 2.1.5. Put

oo oo

o 1
— 4—=7) —
G(z) = i]l :lo(l zq't™7) = ijl :IO T (2.1.14)

For the vector multiplet, the contribution to Zi_j00p s given by

2w = [T G(u®)-Glau® /1), (2.1.15)

aeAt

where A% is the positive root of the gauge group (that is, An in this thesis), and u is the exponentiated

Coulomb branch parameters. u® stands for Hfg{l u;" when we represent o as the N + 1-vector.

For the hypermultiplet, the contribution is given by

Zype (u,m) = <H g(mu‘”/v)) ; (2.1.16)

weER
where R is the weight of the representation of Ay, which is associated with the matter.

Let us see two examples. The first example is the pure gauge theory with gauge group Ay (see Example 1
above). We denote it by Zf} ﬁ’)op. The contribution only comes from the vector multiplets, and we obtain the
following fact.

Fact 2.1.6. For u € CN*t1, the following identity holds:
Zpw) = [T Gluj/u) - Glau;ftus). (2.1.17)
1<i<j<N+1

The second example is the (Ay, Apr)-theory (see Example 2 above). In this case, the contribution comes
from the fundamental and anti-fundamental matters and the M — 1 bifundamental matters, in addition to the
vector multiplets at each nodes. The result is given by the following fact.



2.1 Geometric Engineering 19

Fact 2.1.7. The following function gives the 1-loop contribution of (A, Anr)-theory:

ZEn @, M @ M) = e 2 e (2.1.18)
with
-1
M
An,A k k—1 k—1 k
Ens roie I [ U VT O B | B A TU A B B
k=2 \1<j<i<N 1<i<j<N
-1
An,A 1 0 0 1
2= I 9@®/m™  TT 9 /rul?)
1<j<i<N 1<i<j<N (2.1.19)
-1
y H g(u(zv1+1)/7u(.M)) H g(u(A4)/’YU(M+1))
(3 J J 1
1<j<i<N 1<i<j<N
M
An,A K) , (k k k
Zg—lgop,kigc. = H H g(ug )/U,E )) . g(qu; )/tug ))
k=1 \1<i<j<N+1
Here, u') € CN*! (i = 1,..., M) is the Coulomb branch parameters at i-th node, and u(® u(M+1) ¢ CN+1
are associated with the parameters my o above, the fundamental and anti-fundamental matters.

When M =1 (note that there is no bifundamental matter in this case), the fact that ZS&’)’:” is of this

form was confirmed in [TT1] (see also Appendix C in [41]). The generalization of to generic M is straightforward
because the bifundamental matter can be regarded as just the combination of the two fundamental matters.

2.1.2 Topological Vertex and its Refinement

Next, we introduce the topological vertex and its refinement. Again, the rough sketch of the derivation of
them is in Appendix and for more details, see the references therein. First, we introduce the unrefined
topological vertex.

Definition 2.1.8 (Topological Vertex [1]). For A, u,v € P, define the topological vertex Cx,.(q) by

Crnun(@) = " 25 (07 750,0) Y sxym(@™ "5 0)s,m(a™ 750). (2.1.20)
n
The refinement is proposed in [47], and the result is summarized by the following definition.

Definition 2.1.9 (Refined Topological Vertex [47]). Define the refined topological vertex C’/(\Ef,v)(q,t) by

1KV 2 vl12)/2 4k _
Ci;w )(q,t) _ (q/t)(llull ) /2 (")/QP,,/(t )
- oy —f = 2.1.21
x S (g/p) N2 o g, ) 4 ) ( )
n
We assign the following diagram to the refined topological vertex:
v,(0,1)
I
(1,m+1) (1,m)
A

IKV
C;;w ) (q7 t) :
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For v = (v1,v2) and w = (wy, we), define the symplectic product A by
VAW = viwy — VW . (2.1.22)
Then, the triple of 2-vectors (vy,va,v3) (v; € Z?) which satisfy
vi+ve4+v3 =0, viAveo=vsAvyg=v3Av =1, (2.1.23)

specify the slopes of each legs of the trivalent vertex. (The graph above corresponds to m = 0 case.) We refer
to the direction corresponding to the partition v as the preferred direction. We also denote the direction to u
(resp. M) as t-direction (resp. g-direction).

As is obvious from its form, in ¢ — ¢ (self-dual background) limit, the refined topological vertex reduces
to the (unrefined) topological vertex.

Now in order to define the gluing rules of the refined topological vertices, we first introduce the framing
factor, which was introduced in [47] and slightly modified in Taki’s paper [I11].

Definition 2.1.10 (Taki’s framing factor). Define the framing factor by
fl/,(q,t) = (—1)|’/H_|V‘/2tn(y)q_”(y/) , (2124)

with V' the transposition of v.

Note that we put ' on f,(g,t) because it differs by (—1)I"1/2 from £,(q,t) = (—1)"’|t"(”)q*”(’/), which was
introduced in [47] and will be used in the succeeding chapters.
Now we define the gluing rules of two refined topological vertices.

Definition 2.1.11 (Gluing Rules). Let (U%l),vél),vél)) and (vgz),vf),vg)) be the triple of 2-vectors which
specify two glued vertices.
Define the gluing rules for two vertices associated with vi(l) and v](?)(: vgl)), by

ST QMAtEV gt (fla, 1) CUY )t ), (2.1.25)

v

with n = vﬁ_)l A vﬁ_)l = vﬁ)l /\11](42_)1 (identifying i + 3 with i if needed) the framing number, which is determined

by the slope of the two vertices. The corresponding diagram is given by

L, (@)

i1 Vi1
Q
KV
V) (4.4) 5 o oV (t,q) .
v, =
1 ZV 2
Uz‘(—)l v§+)1

These are all the possible gluing of the vertices.

We introduce the toric Calabi-Yau threefold called Ay geometry. As is well-known, the toric variety is
uniquely identified once the two dimensional diagram, called the toric diagram is specified.

Definition 2.1.12 (Ay Geometry). Define the toric Calabi- Yau threefold whose toric diagram is given by the
following diagram:



2.1 Geometric Engineering 21

(1,1)

(1, — N)

Figure 2.1: Toric Diagram for Ay Geometry

The double of integers (n,m) denotes the slopes of each lines. We refer to this CY as the An-geometry.

This geometry is the C2/Zy 1 fibration over P!. The way to recover the toric diagram above is explained
in the appendix in [46].
The purpose of this subsection is to introduce the following refined topological string partition function.

Definition 2.1.13. Define the topological string partition function Z;‘;g’(q,t) on An geometry by the gluing

of the refined topological vertices in the form of the toric diagram of the Ay geometry. We regard the vertical
lines as the preferred directions and assign the empty partitions to all external legs.

2.1.3 Geometric Engineering

The concept of the geometric engineering was introduced in [59], and further studied in numerous papers. The
most basic idea is summarized into the following fact.

Fact 2.1.14. We have the following identity:

ZaN(g,t) = 2390, 20 (a,1) - (2.1.26)

top. 1-loop inst.
Here, the Chern-Simons level corresponds to k in Figure (2.1

The proof is by direct computation and is given in [TT1].

This correspondence can be extended to the wider class of theories. Let X be the toric diagram of some
CY threefold, and X be the brane web diagranﬂ which is equal to the diagram X. Then we have

type IIB string with (p, q)-fivebrane web X ~ Type-A topological string on X . (2.1.27)

For the toric diagram X, let Zt)gp‘ be the partition function which is obtained by gluing the refined topological
vertices in the form of X. For every 5D N = 1 SYM theory Tx which can be realized by the (p, q)-web X,
the partition function of Tx is equal to Zt)f)p.. For more details of this idea, see Appendix

Another example we deal with is the A,; quiver gauge theory with Ay gauge group at each nodes. In the
present thesis, we concentrate on the case where the Chern-Simons levels at each nodes are zero. This theory

is engineered by the following toric diagram:

2Note that we use the unusual convention, with which the D5-branes lie in the vertical direction, while in most of the papers,
they lie in the horizontal direction.
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N +1

M+1
A A A
/ --- 0
A A A
0 --- /
A A A
00 0

Figure 2.2: Toric Diagram for (Ay, Aps) Theory

Here, we use the simplified notation,

P
!

Definition 2.1.15. Define the topological string partition function Zt(i){v’AM) by the gluing of the refined
topological vertices in the form of the toric diagram of Figure[2.2

Then, the geometric engineering claims the following statement.

Fact 2.1.16. Under the appropriate identification of parameters, we have the following identity:

ZAN A (g gy = (AN Aw) | F(AnAw) | Z(Ax A gy (2.1.28)

top. extra 1-loop nst.

The RHS is defined in |Fact 2.1,4| and |Fact 217i ZANAM) o some normalization factor.

extra

Here, the normalization factor Zéftfa{AM ) is the contribution from the string stretch between parallel D5-

branes in the external legs. For more details, see [41] [42]. Following these references, for the (Ay, Apr)-theory,

we can compute the concrete form of Zéftf;AM ), see especially Appendix C in [4I]. This will be used later in

Chapter

Fact 2.1.17. For u,v € CNTY, the form of ZAn A o given by

extra

zin M ) = [T Gus/w) - Glav; /). (2.1.29)
1<i<j<N+1

The ratios of the parameters w,v corresponds to the Kdahler parameters among the parallel external legs.
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2.2 S-duality and Main Claim

On the LHS of the duality (2.1.27)), there exists a natural action of SL(2,Z) on the brane web, which is induced
from that on 7, (which roughly corresponds to the coupling constant of the gauge theory in the IR,)

at +b . a b

At the same time, SL(2,7Z) acts on the double of integers (p, q), which labels the fivebrane charge. In this
thesis, we are especially interested in

S = G _01) € SL(2,7) . (2.2.2)

Through the string duality above, this action is intertwined to that on the toric diagram. The S-action on
the diagram above ends up with the exchange between Ax and Ajs. This is due to the fact that S-transform
exchanges the (0, 1)-branes and (1, 0)-branes, and thus in terms of the toric diagrams, it changes the preferred
direction. (We neglect overall negative sign.) As a result, the S-duality in the string theory conjectures the
following equality.

Conjecture 2.2.1. Under the appropriate identification of parameters, we have

204 (g,1) = 2004 (g,1). (2.2.3)

For the details, see|Proposition 5.2.6| (and|Conjecture 5.2.9).

The proof is presented in Section [5.2]

2.2.1 Main Claim in terms of Refined Topological Vertex

Now we rephrase the above claim in terms of the refined topological vertex. First we define the gluing
corresponding to Figure

Definition 2.2.2. For the (N—1)-tuple of parameters (Q1, ..., Qn—1) and the N-tuple of parameters (Q4, ..., QN),
define

oy L) (IKV) (IKV)
CA I"‘((Ql Z Z H | H l ‘ H Cl/( )(a’( ))’)\( )(q7 ) C(y( ))/0'(7' l)u( )(t’ q) ) (2'2'4)

vePN gePN-1 =1

o® V<J> (IKV) IKV
Cu(@) @) => 3 H Q| 'H ‘HCMUU@ oy (@1) - Coo o (1:0) - (225)

vePN gePN-1 =1

We put 0(® = 0.
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A
p pu)

A p®

Figure 2.3: Left:C3! ,((Q:), (Q})) and Right:C5 ,((Q:), (Q}))

Then, [Conjecture 2.2.1| is translated into the duality formula under changing the preferred directions of
the refined topological vertex.

Claim 2.2.3. Under changing the preferred directions, Cf?“ and C}:N are related (schematically) with
each other by

CRul(@) (@)~ D T3 o TwawCe (@), (@0), (2.2.6)

,vepN
lo|=Ixlv]=|wr

where T, , and Ty, are some matrices which satisfy

> TauT5, =0uw- (2.2.7)
A

The algorithm to compute the exact proportional coefficients and the proof are presented in Corollary

b2T3



Chapter 3

Macdonald Symmetric Functions and
Ding-Iohara-Miki Algebra

The Macdonald symmetric polynomials were introduced in the 2nd edition of the textbook ”Symmetric Func-
tions and Hall Polynomials” [69] by Ian Macdonald. They give the two-parameter generalization of the Schur
polynomials and are defined once the root systems of Lie algebra are specified. In this thesis, we concentrate
on the Macdonald polynomials associated with the root systems of A-type. The basic definition and important
properties are reviewed in Section [3.1

Next, in Section we review the realization of the Macdonald polynomials on the Fock space of some
Heisenberg algebra. We refer to such states on the Fock space as the Macdonald functions. They can be
regarded as the limit of Macdonald polynomials where the number of variables goes to infinity because under
the appropriate projection (Definition , they reduce to the Macdonald polynomials. Then, Theorem
gives the explicit algorithm to construct the Macdonald functions. Through the construction, we get
the important lesson that in order to construct the Macdonald functions labelled by the partition A, we first
need to prepare the Macdonald polynomials labelled by A. This concept we learned here gives us the strong
guiding principle to construct the generalized Macdonald functions on the Fock tensor spaces, which is the
main subject in Chapter [4

Section and are devoted to review the algebra U, ; called the Ding-Iohara-Miki algebra (DIM for
short). We show the DIM algebra naturally emerges from the consideration of the Macdonald functions
discussed in the previous section. After introducing U, :, we summarize its representation theory. In a word,
the U, ;-modules are labelled by two integers (n,m), corresponding to the images of two centers in U, ;. Then,
the key fact is there exist two types of intertwiners that intertwine three such i, ;-modules (Fact . The
salient property of these intertwiners is the matrix elements of them become the refined topological vertex in
Definition In the proof of the main claim, we make use of these intertwiners instead of the topological
vertex itself.

Then because in the topological vertex side we have the S-transformation (which corresponds to the change
of preferred directions), we have a similar action on the U, ;-modules which appear in the definition of the
intertwiners. In the end, we will see the S action actually exists as the automorphism of U, and the labels
(n,m) of U, -modules are acted by the S-transform matrix . This automorphism is called the Miki
automorphism [72], and reviewed in Section

Section is the complement of Section As we see in Section the Macdonald functions are the
joint eigenstates of commuting Hamiltonians. On the Fock space, we have to show this property holds, that
is, we have to construct the infinitely many commuting operators. This problem is miraculously solved by
introducing the Feigin-Odesskii algebra.

25
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3.1 Macdonald Symmetric Polynomials

We briefly review the basic facts about the Macdonald polynomials, following [69, Chapter 6], but with infinite
variables. Though we deal with ¢ and ¢ as complex parameters and thus the base field F = C, we sometimes
use the notation Q(g,t) to indicate the dependence on g, t.

Before that, we introduce some notations, which will be used through the following chapters. Let A, be
the space of symmetric polynomials with coefficients in Q(q, t), that is,

A=A (q,t) = Qg, )|z, ..., 2,5 .
We have a natural surjective homomorphism,
A1 — A,
defined by setting x,+1 = 0. This map allows us to take the inverse limit, and define

A::l‘&nAn.

The Macdonald polynomials are labelled by the partition A, a sequence of integers,
)\:()\17>\2,)\3,...), with )\iGZZO; )\iZ}\i+1 (i:1,2,3,...).

Partitions which only differ by the sequence of zeros are identified. The partition in which all elements are 0
is denoted by (). The transpose of A is denoted by \'. We denote the set of all partitions as P. We also use
some notations listed in the top of this thesis.

We also introduce the multi-index notation. For & = (z1, 22, ...),

PP YR P
Tt =atwy® e

3.1.1 Definition for A-type

We concentrate on the Macdonald polynomials with the A-type root systems. (For the Macdonald polynomials
associated with BC-type root systems, see [68].)

Definition 3.1.1 (Dominance Ordering). Define the partial ordering in P by
A>p ifand only if |N =|u|, and Z)\i > Z,ui, (Vr>1). (3.1.1)
i=1 i=1

This is compatible with the usual ordering of the root systems.
We introduce some basic symmetric polynomials which will be used repeatedly throughout this thesis.

Definition 3.1.2. For A € P, Define

1. monomial symmetric functions : my(x) defined by

my(z) = Z ) xwﬁ((;)’ . with Iy = {(21,...,2g(>\)) € Zi(é‘)| ij # ik, if j# k} . (3.1.2)
(11,5800 €N

2. power sum : px(T) = pr,Pr, -+ With

3. elementary symmetric functions : ex(x) = ex,ex, - -+, where e, is defined by

> en(@)y” = exp <— > ipn(w)(—y)”> ~ (3.1.4)

n>0
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4. complete symmetric functions : hy(x) = ha,ha, -+, where hy, is defined by
Z hn(x)y™ := exp Z lpn(ar:)y” . (3.1.5)
n n>0 n

5. ga(x) = ga,9r, - - -, where gy, is defined by

zgn<w>yn:exp( ;;;;:,pn@)yn) | 516

n>0

Note that when the number of variables is finite (say n), the more appropriate definition of the monomial
symmetric function is

1 .
qm(gc):m > I]=- (3.1.7)

HEWA, A 1

Wa, _, is the Weyl group of A,,_1 = SU(n) and Stab()) is the stabilizer of X in W4, _,. As is obvious from
its form, this definition can be generalized to all types of root systems.

Definition 3.1.3. Define the bilinear form (—, —)q:: A® A — C by

N A
1—q™ .
(PAs Pu)gt = Oxu2a H 1 _(Z,\i y AN T HZ teomgl, (3.1.8)
i=1

i>1
where m; is the number of entries in X equal to 1.
Now we introduce a set of difference operators, which determines the Macdonald polynomials.
Definition 3.1.4. Let n be a positive integer (the number of variables). Define the set of difference operators
(k)
Dy’ (z)(k=0,1,...,n) by

. lr; —
D) (g, t) = t+E-1/2 I1 & % (3.1.9)

. ; o 1:] )
Ic{1,...,n}i€l;j€l° el
where T, 5, is the g-shift operator with respect to x;. We refer to these difference operators as the Macdonald
difference operators. n and x will be omitted when it is obvious.

Fact 3.1.5. The Macdonald operators are self-adjoint with respect to the scalar products in Definition [5.1.3
That is, for any f,g € A, we have

(9. 09 1) = (DWg, ), (k=0,1,2,...). (3.1.10)

Furthermore, by direct computation, we can prove the following fact, which states the Macdonald difference
operators commute with each other.

Fact 3.1.6. Let N be the number of variables. For arbitrary k and l € {1,2,..., N}, we have
(D) (alg,t), DY (alg,1)] = 0. (3.1.11)

This means it is meaningful to consider the joint eigenfunctions of these Macdonald operators. The next
fact shows that those eigenfunctions actually exist uniquely, and this is the very fundamental theorem in the
theory of Macdonald polynomials.
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Fact 3.1.7. There exists the unique polynomial Py(x|q,t) € A, such that

Py(x|q,t) = mx(x) + Z axgmu(z) (ax, € Qg,t)), (3.1.12)
pn<A
D) (@|g,t) Pa(@lg, 1) = €\ (0, ) Pr(el,t)  (k=0,1,...,n), (3.1.13)
with the eigenvalue
P (g,t) = en (") (3.1.14)

ey 1is the first elementary symmetric polynomial defined in Definition §d = (-1,-2,-3,...), and
t"togN stands for (" gM P22, ).

This definition says Py(x|q,t) is the joint eigenstate of Dék)(w). The equation (3.1.12)) fixes the normal-
ization. With this fact, we refer to the polynomial Py(x|q,t) as the Macdonald polynomial.

Remark 3.1.8. If we follow the original discussion by Macdonald, we should replace the condition
with the following:

(PuBlar =0 (\£p). (3.1.15)
However, we adopt the definition above for convenience. Actually, this follows from and Fact .

Remark 3.1.9. Note that
DWW (z|q,t) = (const.) x D (x™1|1/q,1/t), (3.1.16)

with the constant t=*("=1)_ This means that when the variables are inverted, they are still the Macdonald
polynomials with q and t inverted. In other words, the inversion of ¢ and t means to convert the polynomials
which are defined on the negative oot lattice to those on the positive root lattice. Moreover, we can check

D® (2|q,t), DO (z]1/q, 1/t)} =0, for Vkl€Zs. (3.1.17)

This property becomes important later in Section [3.5.1]

Remark 3.1.10. When X is one-column or one-row, the corresponding Macdonald polynomials are

Pary(xlq,t) = e (x), (3.1.18)
Py (lg,t) = (((t]g))g(m) (3.1.19)

We introduce the dual Macdonald polynomials, which has the different normalization.

Fact 3.1.11. Define the dual Macdonald polynomial Q(x|q,t) by

Qx(zlq,t) = 282 Py(z|g,t), (3.1.20)

with

ex(g,t) = H (1 _ qax(ﬁj)th(i,j)-&-l) _ H (@M )0

(1,5)€X 1<i<y (3.1.21)
Aat) = JI (1-a»00m060) = T (@075,
(&,5)€X 1<i<j

Then, we have
(Px, Qu)at = Oy - (3.1.22)
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3.1.2 Kernel Function

Now, we introduce the kernel function, which plays the central role when we move on to the Fock representation
of the Macdonald polynomials. As it is obvious from its name, it actually behaves as the reproducing kernel
with the scalar products. Let us check this below.

Definition 3.1.12. For two sets of variables x,y, define the kernel function I1(x, ylq,t) by
(e, ylg. 1) = exp ( ii_;zpn<w>pn<y>> -11 e (3.1.23)
Then the crucial properties are stated in the following fact.
Fact 3.1.13. Let x = (z1,...,%,) and Yy = (y1,...,Ym). The kernel function satisfies
D) (x|q, t) I(x, ylg,t) = DI (ylg, t) I(z, ylg,t) (k=0,1,...,min(n,m)). (3.1.24)

From this, we can expand

(w,ylg, t) = > Pa(lg, )Qx(ylg, t) = Y Qx(wlq, ) Pxr(ylg, 1) - (3.1.25)

A A

Using this fact and the orthogonality (3.1.15[), we can prove
Py(z|q,t) = <P>\(—|q,t),H(w, —|q,t)>q7t. (3.1.26)

This is why we call II(x, y|q,t) the kernel function.
For later use, we also show the different expansion of the Cauchy kernel.

Fact 3.1.14. We have
(@, ylg,t) = > gr(@)ma(y). (3.1.27)
A

The proof is easy once we note the

O, ylg,t) =[] | D gnl@yi ] (3.1.28)
i ne€lxo
3.1.3 Pieri Rules and Skew Macdonald Polynomials

It is no exaggeration to say that the outstanding feature which makes the Macdonald symmetric polynomials
interesting, is that they are closed under multiplications and divisions. The former corresponds to the Pieri
rules, and the latter to the skew Macdonald polynomials.

Pieri Rule

For a partition A and a coordinate s = (4, j), we write

extat) 1 = g () gha(s)+1 cen
ba(s) = ¢ At 1 — gaa(s)+1gla(s)’ ’ (3.1.29)
1, otherwise.

Note that [] ., ba(s) = ex(q,t)/c\(q,t). We introduce what we call the Pieri coefficients as follows.
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Definition 3.1.15 (Pieri Coefficient). For u C X € P, define

b,\(S)
(IDA/H = b (S) ’ (31.30)
s€Cx/p K
bu(s)
o= |1 "(S) : (3.1.31)
SERx/u—Cr/p
bu(s)
N = - 3.1.32
Pr/p H ba(s)’ ( )
SGR,\/“
ba(s)
GV | B ok (3.1.33)
s€Cx/u—Ra/pu "
Here Ry, (resp. Cy,,) is the union of the rows (resp. columns) that intersect A\ — pu.
Fact 3.1.16 ([69]). We have the Pieri rules:
grPu - Z(P)\/HP)‘ 5 (3134)
A
9rQu = _ a/u@x, (3.1.35)
A
e’I"P[L = Z‘Pl)\/up)\a (3136)
A
e Qu=> 1, Qx. (3.1.37)
A

Here, the summations in (3.1.34) and (3.1.35)) are over the partitions X such that X\/p is a horizontal r-strip,
i.e., A/p has at most one box in each column. Those in (3.1.30) and (3.1.37) are over the partition such that
A/ is a vertical r-strip.

Note that by this formula, we can see that @, (u £ ) does not appear in the expansion of the product
[[;>1 9»; in the basis of Macdonald polynomials.

‘One interesting remark is that the Pieri rules are invertible. Once we rewrite the Pieri rules in the form
of matrices, these matrices are of the Bressoud’s matrix, and thus are the matrices with each element are
factorized. That is, we can expand the Macdonald polynomials with respect to the products like g, P, with
the factorized coefficients. This technique is called Krattenthaler’s matrix inversion. For the details, see [67].
Skew Macdonald Polynomials

Next, we see the "division” of the polynomials.

Definition 3.1.17. Let A, u € P be the partitions such that p C A. Define Py,, € A by

Pyu=Y_faPo, (3.1.38)

where the coefficient f\, € C(q,t) is given by

pv

f;\y = <P)\ ) Q/LQV> . (3139)

We refer to this as the skew Macdonald polynomials.

IThe notation here is different from that in [69]. In order to make them agree, we need to take the transposition of A, u and
v, or multiply by /b,b, to fﬁ‘u here.
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As it is clear from the form of

vy v in (3.1.38) runs all partitions such that v C A. Also note that, from
(13.1.39), we have

QuQv =Y f2,Qx. (3.1.40)
A

One of the most important formula for the skew Macdonald polynomials is following.

Fact 3.1.18. We have
Pr(@,y) =Y Pru(@)Pu(y). (3.1.41)
n

Proof. We have

D Puu(@)Qa(2)Puly) = D [2,Qx(2)Po(@) Pu(y)
A p

A, Hyv

=Y Qu(2)Qu(2)P.(x)Pu(y) (3.1.42)
w,v
= H((L’, Z)H(y7 z) = ZPA(:B?:U)QA(Z) )
A
and comparing the both sides proves the claim. O

3.1.4 Tableaux Sum Formula

By virtue of the Pieri rules, introduced in [3.1.3] we can derive the tableaux sum formula for the A-type
Macdonald polynomials. To write down the concrete formula, we concentrate on the case of finite number
variables.

We first define the tableaux, a refinement of the Young diagram.

Definition 3.1.19. For the Young diagram \ € P of length n € Z~, a tableaux of shape X is a set of integers
0 ={0;; € Z>o|1 < i < j <n} which is defined as follows. First we decompose the partition A to a set of
integers {\; ;|11 <i < j <n} such that

n
> Xig =\, (3.1.43)
j=i
i+k ith+1
and Z )\i,j > Z )‘i+1,j (k} S Zzo) . (3144)
J=i j=i+1
From this set, we define the {0, ;} by
itk itk+1
en—i—k,n—k = Z >\i,j — Z /\H_Lj (]C S ZZO) . (3145)
j=i j=it1

Note that by definition, 6; ; > 0.
We denote the all set of tableaux of shape A by T()).

Then, we have the following result.

Fact 3.1.20 (Tableaux Sum Formula). For n € Zsg and A € P with {(A\) < n, the n-variable Macdonald
polynomial Py(x1,...,x,|q,t) is of the form,

Py(x1, ..., xnlq,t) = > &0 Mg.t) [ (/=) (3.1.46)

{0:,;11<i<j<n}eT(N) 1<i<j<n
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where the coefficient ¢(0; Mg, t) is given by some products of the Pieri coefficients (Definition , as

(03 Alg, 1) == H Y a1 (g, )

i=1
B ﬁ H (t1+i7.jq)‘]‘7)‘i+za>k(0i:a79j,a);q)0i1k H (t*1+i*jq/\j*/\z‘*9.1,k+za>k(9i,a*‘91,a)+1;q)em
- i— 7 AP — A Oi a—0; 4 1. i—7 Ai—X;—0 Oia—0;a). ’
2 \1<icyer (770 T Pia =l gy, 1<igjan T st ik Bia=ba)s g)g, |
(3.1.47)
with Y ,op = >on_iq- Here QA0 . XM} is a sequence of Young diagrams which is in one-to-one corre-

spondence to the set of @ as follows, with the conditions \(©) = 0 and \") = X\. As in Definition for 0,
we can fix the decomposition of A as {\; ;|1 <i<j<n}. XD s obtained by removing Nl <j<i+1}
from N0+ (that is, removing the horizontal strip of length \p_; — SoriOn—ik)

We will see an example later in this subsection.

Derivation of Fact [3.1.20]

Using Fact|3.1.18] we can decompose the Macdonald polynomial with n variables into those with n—1 variables
and 1 variable, as
Py(z1,xa,...,x,|q,t) = Z PA/)\(n—l) (21)Py(n-1) (22, ..., xs) . (3.1.48)
A(n—1)

Then we compute Py /-1 (71). Because g, and m,, are dual with respect to the scalar product (Fact|3.1.14)),
we expand as

Py a0 (@1lg,8) = Y (P jac=n: 90 ) mo(@1) = > (Paos 9uQxai-n ), mu(1)

v v

(i) _y\(i—1)
= z/J>\<i>/>\<i—1)(61,1f) HCL)‘ A ! (3.1.49)

n i—1
= Y /a0 (g, 1) x?i_zj:m AR .
From the first to second line, we use the fact that Py ya-1 with one variable becomes zero unless @) /\G=1)
is a horizontal strip. This is because m, (z) = 0 if £(v) > 2. From the second to third line, we carefully replace
A with {6; ;1, following Definition
By repeating this procedure until the Young diagram reduces to A\(©) = () (i = 1), we obtain the final result,
Fact

Example: n =3 Case

In order to get some feels, we see the example of A, Macdonald polynomials.

013 92’3 012
= N ,

—_——

A D : A
N D @) @

D B @ — )\ @

A3

Figure 3.1: Example of Tableaux and 6, ; for A = (A1, A2, A3)
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For later convenience, we change the sub-indices of z-variables as x; = x,+1-;(i = 1,...,n). First, we reduce
one variable by going from A = A(®) to A®) ag

|)\(3),)\(2)‘
Voo a2 (¢, 1) o7
(t:0)0, (t:2)0, 5 (t2g*2 7130127 013,),, )
B (@96, 5 (@GDoy 5 (b2~ 3401270035 ig)y o N 01001 (3.1.50)
Tt e e gy, (a2 e e gy, (1247 28 Laig), e '
(q“_”_em;q)elé (q””3_"113_1#1)91,73 (tq“”3_"1«“1;11)917,3
Next, going down to A(!), we have
(t:9) 05 5
A ) (4:9)0, 5 A2+01,2—023
1/))\(2)/)\(1) (q» t) Lo - No—A3+01.2—61 3—633. ) . (3151)
(tq ’ ) 330)05 3
(qkz—*3+91,2—91,3—92,3+1;q)02)3
Finally, because we have
Ag+01 346 ;
mym (z3) = x3° PR (3.1.52)

by combining all above and massaging them, we can confirm the coefficient agrees with (3.1.47).

3.1.5 Some Important Properties

For completeness of the review of Macdonald polynomials, we just name some important properties.

o Stability

For any two integers n > m > 1, the following diagram commutes:

TR OO 41
An n m Am

g | |

Ty OO 41
A, SnOTOTmAL A

This property is called the stability. This property plays an important role when we construct the infinite
variables limit, that is, the Macdonald functions on the Fock space. When the number of variables goes
to infinity, the difference operator seems not to be well-defined because we need the infinite sum. Thus, in
order to see the constructed operator is the good one, we have to project it to the finite number cases. See
[Theorem 3.2.4 for more details.

This property only holds for the Macdonald polynomials of type-A. No such property for B, C and D-type
is known. The stability-like condition in inverse direction for C' and D-type Macdonald polynomials labelled
by one-column partitions was studied in [45].

e Another Scalar Product

We introduce what is called the Macdonald’s another scalar product. This is the different bilinear form on
A, x A, than that defined in Definition [3.1.3]

Definition 3.1.21 (Macdonald’s another scalar product). Define the bilinear form (,)’

gt o AN by

G = 7 [ 3o @) S D@), (3159

N 2mix
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with

A@@) =] (2:/75: Qoo (3.1.54)

iy (1i/255 @)oo

Fact 3.1.22.
(Px(zq,t), Pu(x|g, ))g; = nadx - (3.1.55)

Proof. The orthogonality can be proven by the following fact.
Define the first Macdonald operator,

1—tw;/x;
D! = § | | — T 3.1.56
T L—a;/x; " ( )

where T; = T, ;,, the shift operator. Also define
—tx;
ZH L // 4ot (3.1.57)
i=1 j#1¢ Li/qT;

Note that
D! (A(@)f(z™h) = A(x) (Do f(z™h) (3.1.58)

where we used

T A(x)  ppl—tay/a 1—x/qx;
Alx) g 1—zj/z; 1—ta;/qu; (3.1.59)
Inserting D1, we have
ex(q, t)(Pu(z|q, 1), Pr(z|q, t))q, = /[dx](DiPA(X))A(l’)PM(JJ_l) (3.1.60)
= /[dﬂ(Bglcﬁ(m)Pu(Xfl))Px(z) = (¢, t)(Pu(@|g, t), Pr(|q,))g,q (3.1.61)

where we assumed the boundary term vanishes. The normalization can be determined by the following fact. [

The coeflicient n), can be deduced from the Pieri rule and the famous Macdonald’s constant term conjecture.

Fact 3.1.23 (Macdonald’s constant term conjecture).

qtl " q)oo
E tq) oo (3.1.62)

This conjecture was proved by several methods. The constant term conjecture is generalized for the
Macdonald polynomials associated with the arbitrary (classical) Lie algebra, and its proof can be uniformly
achieved by making use of the Cherednik algebra [62, [68].

We have the following result.

Fact 3.1.24. N
B H qt’L ,q - H 1— qa(s +14£(s) 1—¢° (s)tN—Z (s) (3 ) 63)
- Lt 1 — qeO)h(s)+1 1 — go/ ()+1EN—(s)—1 -
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3.1.6 Relation to Other Symmetric Functions

In some appropriate limits of the parameters ¢, ¢, the Macdonald polynomials reduce to the various known
symmetric polynomials. We name just some of them.

1. ¢ =t limit : Schur polynomial sy (x):
sx(x) = axys(x)/as(x) , (3.1.64)

where § = (N —1,N —2,---) and

_ Aj
ax(z) = det (x )KMSN . (3.1.65)

For the boson and fermion realization of the Schur polynomials, see [50].

2. ¢ — 0 limit : Hall-Littlewood polynomial hy(x|q) : The realization by vertex operators was studied in
[52].

3. t — 0 limit with shift of variables : This limit is called the Toda limit,

: 5
}1_1}1(1) Py (t°x|g,t). (3.1.66)

Under this limit, the Bamp-Stade formula are known [2I], and admit the simpler expressions.

4. t — 0 limit : g-Whittaker polynomial. This limit has been enthusiastically studied in the context of the
stochastic process. See [16] for example.

5. q¢— 1, t =¢% — 1 limit (with 3 fixed) : Jack polynomial Jy(zx|3). See [107] for example.
6. q,t — ezwﬁ/k(root of unity) limit : Uglov polynomial. See [115].
7. ¢ — 1 limit : Elementary symmetric polynomial

lim Py (x|q,t) = ex(x) (3.1.67)
q—1

8. t — 1 limit : Monomial symmetric polynomial

}Eﬁ Py (x|g,t) = mx(x) (3.1.68)

3.2 Macdonald polynomials on Fock Space

Now we realize the Macdonald polynomials on the Fock space. This work was first done in [I3], and has been
extended in successive works. In this section, we quickly summarize those results.

3.2.1 Macdonald Operator and Stability
Definition 3.2.1. Let {a,|n € Z} be the Heisenberg algebra with the relation

75m+n,0 ag . (321)

Using this Heisenberg algebra, define the Fock space F with the vacuum |0), defined by a, |0) = 0 for
n € Zsgo. Thatis, F = Cla_1,a—2,...]|0) as the vector space. Similarly, define the dual Fock space F* with the
dual vacuum (0], defined by (0] a,, = 0 (n € Z«p). The basis of F (resp. F*) is given by |ax) = a_x,a_x, - -|0)
(resp. (ax| = (0]---ax,ay,) with a partition A = (Ag, Ag,...). The bilinear form 7* @ F — C is given by
(0]0) = 1. We also define the normal ordering : — : as usual.
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Note that this definition of the Heisenberg algebra is motivated by the inner product of the power sum

(Definition ,

1—q™
(Pm; pn>q,t = mmdm,n . (3.2.2)
Therefore, the map A — F
Pn > a—n0) , (3.2.3)

gives the isomorphism as the graded vector space.
Now we define the Macdonald operator acting on the Fock space.

Definition 3.2.2. Define the vertex operator in End(F) by

7(z) := exp (i L 7ntin a_nz”) exp ( - i ! ;tn anz”l) . (3.2.4)

n=1 n=1

We denote its Fourier components as 1n(z) = ZnGZ Nnz~". Especially, we denote its zero mode by ng.

As we will see in below, this plays the role of the Macdonald operator on F.
Next, we define the projector from the Fock space F to Ay. The definition seems quite natural because
the bosons must be projected to the power sum.

Definition 3.2.3. For |u) € F, we define the projector mn : F — Cl[x1,...,zN]] by

7 ([u) = (0] ¢(z1) - - d(an) [u) , (3.2.5)
where
¢(x) := exp ( %i :f]" anx”> . (3.2.6)
n>0

The following theorem states that 7g is actually intertwined to the Macdonald operator under the projec-
tion.

Theorem 3.2.4 ([13]). For |u) € F, the following equality holds:

(o lu)) = (DY) 7 ([u)) (3.2.7)
with
DYy =@t -1t VDY + ¢, (3.2.8)

Proof. Let Cy be the circle around 0, excluding 1/z; (i = 1,...,N) and C4 be the circle which includes all
poles except for the infinity. The following computation gives the proof:

dz dz le/t bl - T
7{102<0|¢<x1> ezl = § S & T80 ) agtan) o) )

Py 1—zx;
B (3.2.9)

IR | L= SN dzﬂl_z”/t O] s (=)o) - dlaw) s )

11]#1—:@/ 1—zx,

The last term becomes just constant t~V. Note that we use the fact,

(O : n(1/z)¢(x) : = (0] p(q) - (3.2.10)
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In other words, Theorem states that once we construct the states |Py) in F such that
o | Py) = ((t DNV (g, + fN) 1Py, (3.2.11)

7 (| Py)) is the Macdonald polynomials with N-variables. In this sense, |Py) can be regarded as the projective
limit of the Macdonald polynomials with finite variables. Then the problem is how to construct such the states
|Py). This is the main subject in the next subsection.

3.2.2 Explicit Construction
Definition 3.2.5. Define the vertex operator

o(2) zexp( lltna_nz") . (3.2.12)

Note that this is the operator analogue of the generating function of g, , which is introduced in Definition
That is, we have the Fock realization of g,, as

lgn) = [27"0(2) [0)], , (3.2.13)

where [---], 1 means the constant term in --- with respect to z. Then, piling up g,’s gives the Macdonald
function on the Fock space.

The problem left is to determine the coefficients, which is analogous to the inversion of the Pieri coefficients.
The next theorem gives the answer to this problem.

Theorem 3.2.6. Fiz A € P. Let n > {(N\)(€ Z).

@ =| 11 @-=/z)- P g, q/t) o(@1)---p(a) [0)| (3.2.14)

1<i<j<n il

By analogy of the Macdonald polynomials, we define

(g 1)
c)\((L t)

|P\) =

|Qx) - (3.2.15)

Proof. The proof is same as that of Theorem which will be given in the next chapter. O

This gives the explicit algorithm to construct the Macdonald functions on the Fock space. In below, we
show some examples of this construction.
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Examples

We just show some examples with |A| < 3.

Py = [0) .

[Fy) = a-1]0) ,

- (0 0=

B = —5 (a2 —a2) [0),

1P = 5 <2 — ((11—5;8 - Z;)s)“ e ((11_ 5))((11_ ;jt)) -+ ?qu = @ (qlt)_(lt)Q 21) “31) o
) = _é (Qmag + 3q(1+1t)(1qt_2t/q)a2a1 —(2+4q+i+ 2qt)11_q§2a31) 0},

|Pﬁ> = é (2(1_3 —3a_sa_1 + CL3_1) |0> .
(3.2.16)

3.3 Ding-Iohara-Miki Algebra U,

The Ding-Iohara-Miki algebra U, ; was introduced independently in [24] and [72]. In [24], it was introduced as
the generalization of the Drinfeld’s new realization of the quantum affine algebra to tll\e wider class of algebra.
Actually, from this point of view, U, ; is also called the quantum toroidal algebra of gl;. As we will see below,
from its construction, Uy ; admits the Drinfeld coproduct, and furthermore, the Hopf algebra structure. On the
other hand, in [72], U, ; was introduced as the one-parameter deformation of ¢g-deformed W-algebra. Because
these both algebras agree with each other, the algebra is called Ding-Iohara-Miki algebra. In this section and
Section we will see both sides of this algebra.

Instead of introducing U, by the top-down approach, we do so by the bottom-up approach. That is, we
extract the commutation relations of U, ; from those among the operators which are introduced to construct
the Macdonald polynomials on the Fock space.

3.3.1 From Macdonald to DIM

We can show one of the ”derivation” of U, ¢ by 4 steps. The final result will be summarized in the next section.
Stepl : n(z)n(w)
We first see the commutation relation between two n’s, introduced in (3.2.2)). Because n(z)n(w) = f~1(w/z) :

n(z)n(w) :, this is given by
f(w/2)n(z)n(w) = f(z/w)n(w)n(z), (3:3.1)
with

_ (1=gz)(1 =2/t
1= =50 —a (3.3.2)

Step2 : £(2)¢(w)

Now, we recall Remark Then, we need to introduce a new current, whose zero mode is intertwined to
DM (x[1/q,1/t) under the projection (Definition [3.2.3). In the end, we have the following answer:

oo oo

&(z) = exp ( - Z L _ntin q7"/2t”/2a_nz"> exp (Z

n=1 n=1

1-t"

q7"/2t"/2anz7"> . (3.3.3)
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Then this current satisfies the following commutation relation:
ftw/q2)§(2)¢(w) = f(tz/quw)§(w)s(2) . (3.3.4)

Step3 : n(z)¢(w)

Now we compute the commutation relation between these two currents 7(z) and &(w). Put v = (t/q)'/2.
First, note that

Qg P ) g )
(L= q" 2122 )1 = =27 22 ) . . . -
E(w)n(z) = (0= 7272 Ju) (1 — /21722 o) cE(wn(z) == f(yz/w) : E(w)n(z) :,

and the coefficients are identical as a rational function. (Note f(z) = f(72/z) as a rational function.)
Before computing the commutation relation, we introduce some useful tools.

Definition 3.3.1. Define the delta function by

=y 2" (3.3.6)

neZ
We call §(z) the delta function, because for arbitrary f(z) € C[[z]], we have
6(w/2)f(2) = f(w). (3.3.7)
The following lemma is most fundamental and will be used repeatedly in this thesis.
Lemma 3.3.2.

1—2/b; 1aZzNM b;/z a: /b,
}_[1]1_[11—2;@ Hi /%) 71_[1}_[1 aijz 25 z/a;) Hl—al;ak (3.3.8)

Now we can compute the commutation relation,

n(2)¢(w) = &(w)n(z)

(1—q)(1—t1 12 12 (3.3.9)
= (Bl et 0 ) = 8 w2 (7 )
Here we introduced two new currents,
+ . 1/2 1/2y . = L=t n, —n\ n/d,—n/4 —n
" (z) = (v 72)E(z/v /) = exp(*z (L—=t"q ™)™t anz )
S (3.3.10)
0 (2) = 77(Z/,yl/z) £(y 1/2 — exp (Z (1- tann)qn/4t7n/4ainzn).
Remark 3.3.3. From the relation , we can show
[0, &0] =0, (3.3.11)

and thus reproduce the result in Remark[3.1.9

Step4 : Other Commutation Relations

The remaining task is to compute the commutation relations among ¥ () and 7(z),£(2). This is just com-
putation, and in the next section, we just show the results.
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3.3.2 Definition of Algebra

Now it is easy to put these results in order. The algebra U, ; is defined as follows.
Definition 3.3.4. Let U, be the unital associative algebra over C generated by the Drinfeld currents
= Sate = T e
neL n€Zx>q

and the invertible central element ¢t/2

, satisfying the following defining relations:
P (2)aF (w) = g(cTPw/2)TlaF (W)t (2), ¢ (2)aF (w) = (T2 /w)Fa* (w) (2),

) =@t E), @ ) = Sy,

(3.3.12)
ot (2 ()] = SO (5 i (@ 20) = e (e o)),
G (z/w)1™ (2)2* (w) = G (2/w)a™ (w)a™(2),
where
g(z) = gigi; , GE(z) = (1 —¢F2)(1 —tF12)(1 — ¢THF2) d(z) = Z 2", (3.3.13)

nez
Remark 3.3.5. In some papers, the following Serre relations are further imposed in the definition of Uy :
[xa_v [.IT,J? 1” 0, [9«"57 [xl_vle]] =0. (3'3'14)

We omit these relations, because in the modules that we deal with in this thesis, the Serre relations are
automatically satisfied. See also Example[3.6.3.

Note that by multiplying (1 —w/z)(1 —qw/tz)(1—tw/qz) to the relation (3.3.1)), we obtain the last relation
in (3.3.12)). The other relations can be also recovered from the computations in Section [3.3.1}

Remark 3.3.6. One non-trivial step from Section to the definition above, is the choice of the centers,
that is, how the central elements ¢*1/2 enter in the relations. It is chosen so that the relations are compatible
with the Hopf algebra structure, especially with the coproduct.

3.3.3 Hopf Algebra Structure
The algebra which is equipped with the coalgebra structure, is called the Hopf algebra. As is shown in [24],

U, + admits the Hopf algebra structure. Actually, the algebras of the form of "the new realization” always
admit the Drinfeld coproduct (and also counit and antipode) [24]. In below, we summarize the Hopf algebra
structure of Uy ;.

Coproduct

Fact 3.3.7. The U admits the (topological) Hopf algebra structure with the Drindeld coprocuct A:

(Ci1/2) — /2 ® Ci1/2

(et (2)) =2t (2) @1+ ¢-<c1/2z> ® 2t (cyz),

(27(2) = 27 (e)2) @ U (cgr2) + 1@ (2),
AW (2) = (el >®wi<c$§”z>,

where cam =2 %1 and cil/2 =1®cFl/2,

(2
This coproduct plays the central role throughout this thesis.

A

>

(3.3.15)

>
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Antipode
The antipode a : Uy ¢+ — Uy, is defined by

a(czl:l/Z) _ C$1/2 ,

ar(2)) = — (v (/) ot /),

. (3.3.16)
a@™(2)) = —a (2/e) (47 (2/e'/2))
-1
a(*(2) = (v*(2) " .
This antipode plays some role when we construct the U, ;-module in Section [3.4.3]
Counit
Although the counit € : U, ; — C plays no role in this thesis, we present it for completeness.
(V) =1, et (z) =1, el@T(z)=0. (3.3.17)

3.4 U,;-modules and Intertwiners

There are two centers in Uy, ., ¢ and (¢5r/w5)1/2. Thus, we label the U, -modules by the image of these
centers.
We define the (n, m)-modules as the U, ;-modules where the two centers act as

=", (Wf /)=, (3.4.1)

with v = (t/¢)'/2. In what follows, we deal with four modules, two (0, 0), (0, 1), and (1, M)-modules. (M € Z.)

3.4.1 Two Types of (0,0)-modules

First, we introduce the (0,0)-modules. There are two different types of them, and the relation among them
will be clear in Section

1. (0,0)-modules (Level-0 modules)

The first (0,0)-module was introduced in [29], and they are tightly related to the Macdonald difference oper-
ators. Sometimes, we refer to this module as the level-0 module.

The following fact defines the representation, and ensures the map actually defines the representation of
Uy t-

Fact 3.4.1. The map 7, 4 : Uy — End(V,) with V, = Q(q"/2,t'/2)[x*], and d € Q(¢"/?,t'/2)*, defined by

Wm,d(cilm) -1 ,

Toa(xF(2)) = dF (1 — tTHY5 (¢ 20 ) 2) T F}

(1—q"?t  2/2)(1 — q_l/Q’tI/z)

Wx,d(¢+(z)): (1—q1/2x/z)(1—q’1/2x/z) ) (34.2)
A2 V(1 — oY 2t
ot (2)) = (1—g Pt z/2)(1 — g/ *tz/x)

(1= q'2z/x)(1 = g~z /)

endows the Uy s-module structure with the space of Laurent polynomials V.
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Tensor Modules The coproduct of U, ; helps us to define the tensor modules on V,, ® --- ®@ V. We use
the following notation:

AN = (id® - @ide A) AN

@ A (3.4.3)

To enjoy the nice properties of these modules, first we concentrate on N = 2 case. Let us consider the
operator D on V,,, ® V,,

D = [my -1 @ oy (A7 (2))] 4 - (3.4.4)

[+ ]2, stands for the constant term of - -- with respect to z. Then we have

(1 —t7tag/21)(1 — toy/qry)
(1 —z2/m1)(1 — 22/q21)

(X2/215q@)00 [tx1 — 22 txg — 21 (tr2/715q) 0
Tq’zl + q,T2 )
(txa/T13q) o0 (T2/21;¢) o0

1 — X2 T2 —T1
and thus D is the gauge transformation of the first Macdonald operator Dél), defined in [Definition 3.1.4
This fact can be generalized to the arbitrary A-type Macdonald operators, including the higher operators.

D =1t(1—1t)

Tywy + (1= )Ty,
(3.4.5)

—(1-1)

Theorem 3.4.2. Fiz N € {2,3,...}, and set d; = t""N. For 1 <r < N, we have

¢r(r—1)/2 e (29)
(1=t H1§i<j§r w(z;, 2j)

Txy,dy ®"'®7Ta:N,dNA(N) (Z‘_(Zl)l'_(zr))‘| :g_ll)g:)g7 (346)

zi,l

with .

9= :
r<icien (@3/Tii @)oo

2. (0,0)-modules (Vector Representation)

The other (0,0)-module of U, ; and its tensor representations were introduced in [27]. This module is also
called the vector representation.

A2 [u]; = [u);

S
+
—

N
~

I

b/l
- 1 i—1
v () = 0 )i s
A = — gigsu/2)(1 — gigau/2) ol
e N T R R
(L—ai'as 2/w) (L — g1 "q5 " 2/u)

S (Era ,

The tensor modules of this module allow us to construct the (0, 1)-modules. We will see this soon in below.

3.4.2 (0,1)-modules & (1, M)-modules

Now, we construct the (0,1) and (1, M)-modules (M € Z). Roughly speaking, (0,1)-modules are constructed
through piling up the vector representations, while (1, 0)-modules can be regarded as the infinitely many tensor
products of the level-0 representations.

Again, as the two (0,0)-modules, they are related under some automorphism of U, ;. This will be explained
in Section
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e (1, M)-modules (Horizontal representation)

The (1, M)-modules are almost the same as the bosonic realization of U, ; which is used to construct the
Macdonald operator on the Fock space. Recall that the zero mode of x7(2) is intertwined to the Macdonald
operator, and this is the Fock analogue of Theorem In this sense, this module can be thought of as the
infinitely many tensor products of the level-0 modules.

Fact 3.4.3 ([29]). Let u be a nonzero complex parameter. The following algebra homomorphism p&l’M) :

Uq+ — End(F) endows the Uy -module structure on F:

M (/g at(2) o uzT MMM (2), a7 (2) e uT MMM (),

_ _ _ _ (3.4.9)
UH(z) = MPEMPOT(2), T (2) = g MM P (2),
where
1t . 11—t
1](,2')—6:>(p(7§:1 - £an>exp(n21 ——anz ),
> 11—t —n/2,m/2 n - 1—1t" —n/24n/2 —-n
f(z):exp(—z q t"a_,z )exp(ziq t" “a,z ),
n n
"= =t (3.4.10)
1—t"
pT(2) = exp ( -y (1—t"q ")q”/4t‘”/4anz‘"),
n
n=1
— — 1 —t" n, —n\, n/d—n/4 n
© (z):exp(z - (I—=t"g ™)™t A_pnZ )
n=1
We call u the spectral parameter, and denote this U, -module by ]-'q(tl’M).
We can also define the dual Uy +-module structure él’M)* on F* through the same p, by regarding its

image as in End(F*).

¢ (0,1)-modules (Vertical representation)

As introduced in [27], by tensoring the vector representations, we obtain the (0, 1)-representation. The repre-
sentation space is again the space of the Macdonald functions. To avoid confusion, we use |A) to indicate the
Macdonald function with the partition A.

Through piling up the vector representations, this state is constructed as follows. For the partition A =
()\1, ey /\N > 0), define

AN x = [, @ [(t/@)u)re—1 @ @ [(t/Q)N " ulny—Nt1s (3.4.11)

and denote the space spanned by these states by W% (u). Then the state |\) of the (0,1)-modules is the
clement in Jim W (u).

Fact 3.4.4 ([32] 27]). Let u be an indeterminate. We can endow a Uy ¢-module structure to F by setting

2N =\, (3.4.12)
O0)+1
T (2)|\) = Z AL. S(t u/2) N+ 1) (3.4.13)
i=1

£

7 (2) |N) = ¢ /22 ZA;Z. S( T /) A — 1) (3.4.14)
i=1

V()N = "B (u/2) 1) (3.4.15)

V() N = P2 By (2/u) 1) (3.4.16)
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with
— )\ )\]t z+]+1)(1 A7A>+1t7i+j71)
+
AL, =(1-1) H PN (I = P (3.4.17)
Jj=1
17 i+17)\i ot 17 )\+1t Jjti—1 17 )\j+17)\it7j+i
Ay, =@1-t7) A_q — 11 ( qA N, )E b _.+,), (3.4.18)
’ el O (L ) (R E
BY(2) 1—gM Mz o5 (1= it i2)(1 — grinr ity (3.4.19)
z) = . . 4.
A L—ghz 223 (1—ghtmiz)(1— g ltitlz)’
C I iy § € B A et i (3.4.20)
z) = A , . 4.
A 1—qg Mz e} (1 — g~ diwrtiz)(1 — g~ itlgi—1z)

We refer to this module as FOV -module. We denote the basis Py of (0,1)-module by |\) to distinguish from
those of FM) . To represent this module, we sometimes use the notation p(®) 1 Uy — End(F).

3.4.3 Intertwiners and Refined Topological Vertex

Now we introduce the intertwiners which intertwine the tensor product of two modules to one module or
its inverse. These intertwiners are introduced in the beautiful paper [9]. As we see below, because these
intertwiners connect three modules, they can be diagrammatically represented by trivalent vertices.

Fact 3.4.5 ([9]). When w = —uwv, there exists a unique intertwiner which satisfies

(LM +1),w

o
(07 1)’7}; (17M)7u

FOD @ FOM) — FLLMID . 0® = ®A(a)  (Va€ly)  (3.4.21)

and the normalization condition (0| ®(|0) ® |0)) = 1. Moreover, its component @y, defined by
dr(a)=d(N®a) (Y|IN@aeFODgFLM) (3.4.22)
has the following realization,

(I, M +1),—vu

" [(071),7}; (I,M),u} = £\ w0, M)®5(v), (3.4.23)

where

E(Aa U, v, M) = (_U’u’)ul(_U)_(M+1)|Mf)\_M_lqn()\/)/cA )

B (v) =t Dy(v)mA(v) 1,
=1 =1
Oy ( Z — a,nv”) exp( a7 ") (3.4.24)
L) N ‘ _
M (v) =: H Hn(q]’lt”“v) L

Similarly, the following intertwiner exists uniquely,

1, M), u; (0,1
o* ((1’ A}’f’l()o’_i’:] L FOMED L M) @ O A(a)®* =d*a (Va€Uyy), (3.4.25)
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with normalization ®*(|0)) =|0) ® 1 4 - - -, and its component, defined by

a) = Z 3 (o) ® (Z,’\ |)\)) (Va € FEMTDY (3.4.26)
A A
1s realized by
(1aM)7’U; (Oal)au a =
X =t*(\ M)D} 3.4.27
G =t w83, (3.4.27)
where
(A w0, M) = (g7 0) TP (=) MM £ gD fey
O3 (u) =: p(w)éx(u)
o5 (u) = exp( 3 EL(]_”/21f”/2c1 u") exp(i 1 g 2t % u‘”) 3.4.98
’ mnl-ga - —nl " ’ (3.4.28)
) N
Ex(u) =: (@) -
i=1j=1
Notation 3.4.6. In what follows, we mainly consider the M = 0 case, and we introduce the simplified
notations for the intertwiners.
1,1),— 1 (0,1
S = | LD e b e [(B 0w (01 0] (3.4.29)
(0,1),v;(1,0),u (1,1), —vu
and their components,
(1,1), —vu . . 1(1,0),u;(0,1),v
Py |u,v] =P , P} (u,v] =P . 3.4.30
=0y {<0,1),v;(1,0>,u Al = 1), —vu (3:450)

We also assign the trivalent diagrams to each intertwiner as follows. The arrows stand for the F(©1)-
modules, and we refer to this direction as the preferred direction, following the terminology of the refined

topological vertex in [{7].

v
—uw
u u
—uv
v
D*[u, v] D[u, v]
The proof is by direct computation. For example, we can check
£N)+1
T (2)®y — qil/Qtl/QB (z/v)®@ra™( Z A (it F /) Dy g, (3.4.31)

Remark 3.4.7. Define the adjoint action of Vo € Uy, on ® € End(F) by

adj(z) == > i da(a?), (3.4.32)
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with A(x) =3, xgl) ® xEQ) and a the antipode. Then, (3.4.31|) can be rewritten as

£0)+1
adj(zt(2)) @\ = Z AL‘ S(t/2) Dy g, (3.4.33)
i=1

This means the (0,1) representation can be regarded as the adjoint representation.
Let us see these intertwiners more carefully. Then we notice
CT T 1
Dy (v) =: 1:[1J]:[1 T (3.4.34)

(For @, replace 1 with £.) That is, diagrammatically, &3 means the 1/n’s are spread all over the infinitely
large partition. Then in @, since some 1/n’s are cancelled, they are spread except for A part. This situation
is summarized in the next figure.

U=1: q : q2 : q3 : |
; \
I I I I |
ettt ‘ i
Iy S | . ,,,L,,,,
| | | | | |
2 gt 2 g% l l i i |
IS S R A
3 | | | | ! ! |
I I I I ! : : I
F-——T-~——-"-——-——-|———--rF---- it
I I I I ! | | I
I I I I ! | | |
1 1 1 1 1 ! ! !

Figure 3.2: Left:®y and Right:®

This consideration becomes important in Chapter [6]

Identification with Refined Topological Vertex

The resemblance between the diagram of intertwiners and that of the refined topological vertex is not a
coincidence. They are actually related with each other. In order to show this relation, we first introduce the
Schur functions on the Fock space and their dual.

Notation 3.4.8. Denote by |sy), the Schur functions on the Fock space, and by (Sx(q,t)|, the dual states,
that is,
(Su(g:t) [sx) = dun - (3.4.35)

This means the polynomial S) is dual to the Schur polynomial with respect to the kernel function (Definition
3.1.12). This can be constructed as follows. Let w, , and ¢ be the endomorphisms of A,

al—u”
Wu,w(Pn) = —(—1) 1_—on

L(pn) = —Pn, (3437)

Pn s (3.4.36)

with p,, the n-th power sum. Then, Sy can be represented as
Sa(x;q,t) == 1wy gsr(—x) . (3.4.38)

Now the following fact reveals the relation between the U, ; intertwiners and the refined topological vertex.
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Proposition 3.4.9 ([9]).

. (Sula, )| x [ oAl 5 Dt } |5,) (3.4.39)

<P,\,P>\>qt (0, 1),1}; (1,M),u
((_1/)2 )l ‘f/\ e q_l/zv)"”‘f,, . (t_l/Qv)““ (-1 )|u|+|u\+|/\\ C(IKV)(q’t)’

Al
= <(_1/2 ) f/\ - 71/2u)\u|f;1.(tfl/zu)f\u\ . C,SIII;,\\/)(EQ)~

3.5 Miki Automorphism (S-duality)

3.5.1 Structure of U,

One important fact about U, ; is, it is Z>-graded [IZE} Especially, deg(zF) = (1,7n) and deg(y:F) = (0, +4).
The following picture shows this situation.

All the elements in U, ; are generated by rF(n € Z), and wzi(l € Z>o) so that the degrees are preserved.
For example, the element with a degree (2,0) is generated by [:rf,xfl], see the red lines in the figure. It is
easy to check the degree is conserved (1,1) + (1,—1) = (2,0). Repeating this procedure, we can generate all
the elements in Uy ;.

2In this section, we do not care about the centers.
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From this consideration, it is natural to expect the whole algebra to be generated by only 4 elements in
each orthants in Z?2, and this is correct. Actually, with the defining relations 1) :1:0 and 1/11 generate
all the other generators. For example, we can construct z;, (n € Zsq) from mo , ¥{ and the first relation in

B3.12),
Fay = 0 w0 + G e v (3.5.1)

where we put

g(cT 2 /2) T Z Gt - (w/z)! (3.5.2)

’LEZED

By solving the equation in terms of xf 41, We obtain the expression for xf 4 from xF and 17, (Note that Ung
is the invertible center.) Similarly, we can construct z, (n € Zo) from z2, ¥ .

Definition 3.5.1 ([72]). Define the automorphism S : Uy, — Uy by
VE = ad, ai e wl, W) TR, e (Ud Jibg )Y, (3.5.3)
We omit the constant coefficient in the image of this map.

We indicate this map by the blue line in the figure above.

In the following, we see the representations introduced above are related to each other under this au-
tomorphism. By the consideration above, we only need to check the automorphism is compatible with the
representations of x(f and @Df.

3.5.2 Duality between (0,1) and (1,0) Representations

First, we write down the (0, 1)-representation for each mode as follows.

L(A)+1 £(N)
PO (a Z AL L), (g ‘1ZAM A -
POV N =N = /)1 =) 3T (3:54)
=1
POV A =yu (1 —q/t) (1 —1) Y g Mt TN
i=1

Next, we write the (1, 0)-representation.

PO @) 1Py = u(l —t71) Y M P

i=1

PO () [P) =t (1~ Z Ry

N (3.5.5)
PO W) Py = =y 21 =) (1 = t/q)ar |Py) = ¢v 21— t/q) Y AL IPa-1,)

=1
PO Py =7 P =) (A = t/glay |Py) = —¢ 'y 21— q/t) Y AT [Paya,) -

=1

In the last two lines, we used the Pieri rule. Again, note that AT )i are the Pieri coeflicients, defined in Definition
3.1.15] up to constant. Now it is obvious that these two modules are related via the Miki automorphism, that
is,
¥1 +1y (1,0)/,.% (0,1) .+ gTlyt2 (1,0) 0,1) /.. F
YA = @/)T ) () < T (Ur) iwp (z5) = pOV (7). (3.5.6)

It is also possible to observe a similar correspondence between two kinds of (0, 0)-modules.
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3.5.3 Higher Hamiltonians

As the Macdonald polynomials are joint eigenfunctions of commuting Hamiltonians (see Fact 7 the Mac-
donald functions on the Fock space, (which correspond to infinitely many variables,) also must be characterized
by infinitely many commuting difference operator. In Section we show the zero mode of the 7(z) currents
in Uy ¢ is intertwined to the Macdonald operator. In order to make ends meet, we have to construct the higher
operators which commute with ng.

Because for n,m € Z>o we have

[Wh, ok =0, [¢,,¢,] =0, (3.5.7)

the images of ¥ under the Miki automorphism S commutes with xoi. This situation is summarized in the
following figure:

(2

- e 0 & — &
| | | | |
| | | | |
| | | | |
e ¢ o o @ o
| | | | |
| | | | |
| | | | |
R i S S S il S S

o o et EEEY S S
1 LooLoL
¥ (2)
In [72], the concrete forms of I, and I (k € Z>9) are given by
k—2
——
I = [oty, [og s [od 2] ]], 3.5.8
I = [y, [mg - [xg 274 ] -] 3.5.9
k—2

We can easily find these forms from the consideration of their degrees. Note that the Serre relation ensures
the commutation relation between I} = xf and I = [z],27",] vanishes.

3.6 Shuffle Algebra and Feigin—Odesskii Algebra

In the previous section, we observed there actually exist infinitely many commuting Hamiltonians. In this
section, we present an explicit way to construct them.

There is an ad hoc way to construct the commuting integrals of motion, associated with the A-type
Macdonald operators. This is the Feigin-Odesskii(FO) algebra, which was introduced in [87) [3I]. There is a
beautiful paper about the FO algebra [29], and we follow their arguments.

Throughout this section, we put the base field F = Q(q, ).



50 3 Macdonald Symmetric Functions and Ding-Iohara-Miki Algebra

3.6.1 Definition

Notation 3.6.1. Denote the space of the m-variable symmetric rational functions with coefficients in F as
A (m > 0). We also write A= @, 5, An.

In order to introduce the FO algebra, we first define the star product.
Definition 3.6.2. We put Ay =F. For f € A, and g € A,, define the map * : A, x A, — A by

(f*g)(@1,. .., Tmin) = Sym | f(21,...,2m)g(21, . ) ] Il  w@ezs)| . (3.6.1)
1<a<m m+1<p<m+n

" (0 — g )(w — ty)(z — ay/t)

r—q y)le—ty)(z—qy/t
w\T,Y) = ) 3.6.2
(0) (z —y)? (3.62)

and the symmetrizer
Sym (f(21,. -+, %m Z F(@o(1)s s To(m)) - (3.6.3)
' oeGy,

We refer to this bilinear map as the star product.

Remark 3.6.3. Note that this is the degenerate case of the original Feigin-Odesskii algebra. In the original
case, instead of w(x,y), they use

Op(y/a2)O,(ty/2)8y(gy/tz)

Az,y) = 3.6.4
w9 0,1/ (364
We introduce two operators.
Definition 3.6.4. For f € A, and k =1,...,n, define
n!
oK) o iy W C_r}n flx1, oo ey Tkt 1y - -+, (T ) (3.6.5)
n!
Ok fy ( sy hm fl@r, .o ek, (i1, -« -, () (3.6.6)

whenever the limits exist. For n = 0, we put the actions to be 0. We also set 99 9(>0) to be the identity
operators.

We define the subset of A =@, 5 An.

Definition 3.6.5. The subspace A,, C A, is defined by the following three conditions:
(i) For f e A, and 0 < k <n, 0OF f and 9©F) f exist and dOF) f = §(oF) f.

(ii) The poles of f € A,, locate only on {(x1,...,2,)|3(¢,7),% # j,x; = x;}, and the orders of the poles are
at most two.

(iii) Forn >3, f € Ay, flz,q to,qx/t,xy,...) = f(z,tx,qx/t,24,...) = 0.
We also denote A =D, 4 An.
The following theorem is highly non-trivial and essential.

Theorem 3.6.6. The vector space A is closed with respect to the star product , and this defines the unital
associative algebra (A, ). Moreover, the algebra (A, *) is commutative. We refer to the commuting algebra
(A, %) as the Feigin-Odesskii algebra.
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Example

We just show one family of examples which are the elements in A4, and thus commute with each other with
respect to the star product.

Definition 3.6.7. For = (z1,...,x,), set

gm@) = [ i), (3.6.7)

1<i<j<n

1-— xj/ta?i 1-— Q?i/t!Ej

gz x;) = . 3.6.8
Then, it is shown that
9n(Z) * g (Y) — gm(Y) * gn(x) = 0. (3.6.9)
The proof is done through applying the Liouville theorem to
9n * Gm — Gm * gn ) (3610)
In+m
3.6.2 Family of Commuting Operators
Using this FO algebra, we can construct the family of commuting operators.
First, from (3.3.1), we know
f(@2/z)n(@)n(22) = f(21/z2)n(22)n(21), (3.6.11)
. (1 g2)(1=2/0)
—qz)(1 -2z
flz) = . 3.6.12
=0 e (3042
Then it it easy to show the following lemma.
Lemma 3.6.8. Define the operator
On(z1,--y2n) = H flzi/x:) -n(z1) - n(zn) . (3.6.13)

1<i<j<n

Then, the operator O,, is G, -invariant. That is, the combinations of f and n’s are operator-valued symmetric
Laurent polynomials.

Motivated by this lemma, we define the following map O : A — End(F).

Definition 3.6.9. Define the map O : A — End(F),

I, := H S(zi,2i) - On(21,- -, 20) | (3.6.14)
1<i<j<n 1
with ()
B g(z,w
S(z,w) = Flw/w(ew) (3.6.15)

For g, see Definition . [--]1 means taking the constant term in --- as before.

We can also easily prove the following lemma by direct computation.
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Lemma 3.6.10.

IT SGiz)-OuCzovz) || T SGntisznts) - Om(znits- s Znim)

1<i<j<n 1<i<j<m (3.6.16)
Zz, Zn—',—j
H H T) ' H S(Zh zj) : On+wL(zlv cee 7zn+m) :
1<i<n1<j<m 2NV il i<ngm

Remark 3.6.11. In Definition[3.6.9, we use the special element g, € A,. A admits some Gordon filtration,
and g, ’s are top components with respect to that filtration. Thus we can generalize I, to

L) =[Gz ] ! Onlers )| (3.6.17)

1<i<i<n w(zi, ) f(2/7)
for f e A,.
Combining all above, we have the following main theorem.
Theorem 3.6.12. For arbitrary n and m € Z~g, we have
[I,,I,]=0. (3.6.18)
Proof. From the lemma above,

(2,2
L, I, = H H Wi 2nts) . H S(zi, 2) - Onam (21, -+, Zntm)

ZZ, Zn+])

1<i<n 1<J<m 1<i<j<n+m 1
- S(Z“ZJ) o
- gn(zla“-azn)gm(zn-l-la-- Zn+m Zlazn+] ~(Z' Z) : n+m(zl7---azn+m)
1<i<n 1<j<m 1<i<j<n+m 9 =z, Zj

L SS9 1

S(zi, 25
= |Gn *Gm I | F,(lij)'on-i-m(zlw-wzn-i-m)
1<i<j< 9(zi:2j)
<i<g<n+m

(3.6.19)
In the last line, we symmetrize the integration variables. Note that ([[S/7)Onim i8 Sppm-invariant. The
commutativity of g, completes the proof. O
3.6.3 Examples
By the Serre relation, we know [n;,7-1] and 79 commute with each other,

(M0, [m.n-1]] = 0. (3.6.20)

Let us show this fact using the FO algebra. We first rewrite [, n—1] (plus something which trivially commutes
with ng) as

2_}{ dz dw (1—w/2)(1—quw/tz) (w z

— — -1 —
-] = (g =) my 2miz 2miw (1 — qw/2)(1 —w/tz) \z  w

Then, by symmetrizing the integral contours, we can perform the following transformation.
dz dw (1-—w/2)(1—qw/tz) jfw =z 1 )
% 2miz 2miw (1 — qw/2)(1 — w/tz) (; w (4= )) Fn(z)n(w) :

1(1— t dz d — z)?

MO0l [ o

2 qt 27iz 2miw (tw — 2)(w — tz)

C(1-q)g+t) [ dz dw 1-w/z .
B qt %271’1’2 2miw 1 — ¢t 1wz sn(z)n(w) :

:n(z)n(w) : (3.6.22)

j{ dz dw f(z,w)

2miz 2miw w(z, w)

n(z)n(w),
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with

fom _1oome pa

In this transformation, the most RHS can be seen as the map from the FO algebra. It is easy to check f in
(13.6.23]) satisfies the conditions in A.



Chapter 4

Generalized Macdonald Functions on
N-Fock Tensor Space

This chapter is devoted to ¢ the explanation of the generalized Macdonald functions on the N-fold tensor space
of the Fock spaces F, = ® i—1Fu;- These states are defined as the eigenstates of the zero mode of the N-th
coproduct of n(z). Our goal is to extend W to the Fock tensor spaces. The lesson we learned in
Section is that in order to construct | Py), we need the Macdonald polynomials Py and the vertex operator
called the top component.

Thus, we need to prepare the extension of the Macdonald polynomials which are associated with the N-
tuples of partitions. This is the bispectral Macdonald functions, introduced in [86]. This is the main object in
Section This function has very nice properties, such as the bispectral duality, the Poincaré duality, and
the factorization formula.

Next, we need to prepare the vertex operators &) (i = O ,N —1). First, we define the N-th tensor
analogue of the top component, denoted by ®®. Then, &) ( 7é 0) s are constructed by combining the top
component with the screening currents of the q—deformed Wh-algebra (¢-W for short). Then, with these tools,
we obtain the explicit construction of the generalized Macdonald functions. See Section for more details.

Section is in some sense, a supplement of Section In the previous section, we use the screening
currents without mentioning the g-deformed W-algebra itself, and thus we review it in this section. Moreover,
we prove the screening operators, which are the integral of the screening currents, are well-defined. Using
these facts, we can complete the proof of the Kac determinant formula for ¢-W algebra.

4.1 Bispectral Macdonald Functions

In the previous chapter, we introduced the Macdonald “polynomials”. We now extend these polynomials to
the basic hypergeometric series with multi-variables. The biggest reason for this extension is that we would like
to treat the main variables and the eigenvalue of the Macdonald operator on equal footing. More concretely,
in the previous chapter, the eigenvalues of the Macdonald operators are expressed in terms of

s; =t (4.1.1)

and they are just numbers. Here, we would like to deal with them as another set of variables (sq,...), that
is, as the parameters which have nothing to do with the partitions. This will be clear in Definition We
refer to these hypergeometric series as the bispectral Macdonald functions.

After this extension, the various known transformation formulas of the basic hypergeometric functions
becomes applicable to the Macdonald functions. It is the Kajihara-Noumi identity that is the master formula
for such transformation. (See Section ) We also observe the good analytic properties of these functions,
and these become important in the proof of the main claim (see Proposition . Moreover, we obtain two
important duality formulas, the bispectral duality and the Poincaré duality.

54
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To be fair, we have to note that because now the s-variables are generic, the salient features of Macdonald
polynomials, such as the Pieri rules and the skew analogue, are lost in the bispectral Macdonald functions.
Now, let us begin with the definition of bispectral Macdonald functions.

4.1.1 Definition
We introduce the formal Macdonald difference operators.

Definition 4.1.1. For 1 < k < n, define the operators on Cllxa/x1,23/22 ... ,2n/Tn_1]] by

1— a; /ta; 1— to; /2
DP(s;q.t) = > s ] 7/t II /e (4.1.2)

IC{1,...,n} i<j 1—31‘]‘/:11‘1' J<i 1_$i/xj
|T|=k iel,j¢I i€T,j¢l
where 8 = (81,...,8,) are indeterminates, and
er _ ) er _
sT=1]si. T =]]Tve- (4.1.3)
il il

For later use, we also introduce

1—tx;/qx; 1—gqx;/tx;
D(k)(s;q,t = g st I I It I | Y e 4.1.4)
n ) i i 1— xj/q:ci g 1-— qxi/:cj g ',z (
|T]=k i€l j¢l i€l ¢l

We use the almost same notation as Definition[3.1.4} In what follows, we forget about the original operators,
and use the notation D%k) in the sense of this definition.

Note that when we rewrite the factors % to the form of Definition , some extra powers of
3/ Ti

t is multiplied to sZ. Then conjugating by =, we can go from D;k)((t"’iq)‘i);q,t) back to the original
Macdonald operators.
We now define the bispectral Macdonald functions, following [86] [103].

Definition 4.1.2. Let = (x;)1<i<n be indeterminates and s = (s;)1<i<n be generic parameters. Define
fg[n (m|8|q,t) and fg[n (513|S|q, t) € C[[$2/$1, .’ﬂg/fEQ, B 7xn/xn—1H by

o (@lslgt) = Y eaO;slgt) [ (wi/z:)", (4.1.5)

0eM,, 1<i<j<n
Fot (x|slq,t) = II —ae/a) - o (lslg, e 7). (4.1.6)
1<k<t<n

We put f9% = f9[0 = 1. Here M, is the set of all n X n upper triangular matrices with non-negative
integers, whose diagonal elements are 0. ¢, (0;s|q,t) are coefficients defined by the following recurrence
relations:

Cl(_; S1, qvt) =1 )
cn((05,5)1<i<j<n; (8i)1<i<nlg, t) (4.1.7)

= dy, (05,n)1<i<n—1; (81)1<i<n| @ ) - Cn1((0i5)1<icj<n—1; (@ 5:)1<i<nla, 1) ,

with

(tsj/si;9)e, (¢~ %qs;/tsi;0)o,
1<i<j<n qs;j/Siiq)e; 1<i<j<n—1 q i/ Siy4)60;
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From the recurrence relations, the explicit form of ¢, can be computed as

cn((0i5)1<icj<n; (8i)1<i<nlq, t)

_ ﬁ H (qa=rriCa=biodts; /51 q)g, (g Pt 2amniBna=0i0)gs. /15,0 q)o, (4.1.9)
- (qa=rnCe=0iags; /s5;: q) (gt tamei Pra=lia)s; [s;: q) '

1<i<j<k Ok 1<i<j<k O,k

Let us see some examples.

e n = 2,3 Examples

Fo(alslg.t) = 3 \BD0 (LRI D0 gy

oiz, (Do (as2/51:0)e

falsle ) = Y

01,2,01,3,02,3€Z>0 (@ ( (4.1.10)
(t; Q)91,3 (t82/81, )91 3 (t83/31§ Q)91,3 (q_92’3q82/t‘91; Q)91,3
x 0
(Q;Q)91,3 (q52/817 )913 (q33/81§Q)91,3 (q 2‘3(152/81;@01,3
t; t83/52;q
% ( 7q)92 3 ( 3/ 25 )92 3 H (ql‘j/tl‘i)ei’j
(@:0)0, 5 (a53/52: 00, \<ici<s

Then, the following fact was conjectured in [I03] and proved in [86].

Fact 4.1.3 (|86l [103]). The function f®'=(x;s|q,t) is a unique formal solution to the 1st order difference
equation

D (s54,1) %" (s, t) = ex(s) - ' (2|s]q.t), (4.1.11)

up to some constant. ey is the k-th elementary symmetric polynomial. Further, fgln(x;s\q,t) 18 a unique
function such that

DI (s;q,8) f*" (slq, 1) = ex(s) - f*" (]3], 1) - (4.1.12)
Remark 4.1.4. Put 6 = (—1,-2,...,—n), and t"T0¢* = ("~ 1¢™,...,¢*). It is easy to show
a [ (2|t g, t) = Pa(xlg,t) . (4.1.13)

Note that under this specialization, there exists n € N such that for any m > n, ¢, becomes zero.

The proof of Fact goes as follows. For an arbitrary partition A\ € P, the specialization s = t"*+9¢*

degenerates f8' to the Macdonald polynomial Py. Under this specialization, the equation gives the
set of recurrence relations on the coefficients c,(6; s|q,t). Because these recurrence relations hold for any
s = t"T9¢* with A € P, they hold as the relations on the rational functions in s. Thus the equation
holds. _

These functions f8' and f9', are dual to each other. We can easily show the following lemma.

Lemma 4.1.5. Let A and p satisfy £(XN), €(p) < n.

(270 o0 (als (V) g, a/0) 2" (@ls (), a/1)| = G- (4.1.14)

i

Here, s(\) = (5;(A)1<j<n, sk(A) = ¢t Fu.
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Proof. We denote the LHS by F(A|u). Inserting the Macdonald operator D}(s;q,q/t) and integrating by
parts, we obtain the equality

@ o ([N g 0/1) (D (s 0.0/0)" [ (x]s(p)la.0/0)]
= [(DiGig.a/027 F (als(Vla a/0)) @ 54 (als()la a/t)]

x,l

(4.1.15)

with 5, = ut'~*. The LHS becomes €, F(A|p) while the RHS €y F(A|u). Thus, we have F(Au) = C(A\)dx
with C(\) = F(A|)). Tt is easy to show C()\) = 1 by noting and both f9' (x|s(\)|q, ¢/t) and f9' (x|s(pn)|q, q/t)
are in C(s1,...,8,)[[x2/x1,25/2a,..., 2 /Tn_1]] and so is their product. O

4.1.2 Duality

At this point, in f®', z-variables and s-variables are still not equal partners. When z;,/2; = 0 for all 1,
f%% = 1. On the other hand, s;1/s; = 0, fg[n(a:' O|q,t) # 1. Actually, it is easy to check

s +1/51_0 Z H j/txi)gi’j - H w . (4116)

fo'(z|slq, 1)) .
0eM, 1<i<j<n q’q) 1<i<j<n (qu/tIivq)oo

In the last equality, we use the g-binomial formula,

n=0
Thus, by dividing by this factor we obtain the better version of the bispectral Macdonald functions.
Definition 4.1.6. Define the function ¢« (x;s|q,t) € C[[s~9+]][[x~%+]] by

o (sl t) = ] (( // i )’ - fob(slq. 1) (4.1.18)
1<i<j<n qT;/Ti54)co

Then, the following fact shows the equivalence between x and s.

Fact 4.1.7 ([86]). We have the following dualities:

0 (x|s|q, t) = ®' (s|x|q,t), (The bispectral duality), (4.1.19)

P
%' (x|s|q, t) = %' (x|s|q,q/t), (The Poincaré duality). (4.1.20)
The proof of the bispectral duality is straightforward. It is easy to see the action of Dﬁbk)(a:; q,t) (note that
this is the operator which shift the s-varibales!) on % (z|s|q,t) is controllable, and we can show they act
diagonally on %=, This means in @9, we can regard s-variables as the main variables while x-variables as

the accessory parameters.

(qz/txi3q) 0
(qz5/%i3q) oo
D (s;q,t) to Dﬁlk)(s; q,q/t), and H1<i<j<n % does its inverse. The reason we call this duality the

= = J 179 ) o0

Poincaré duality is following. As studied in [19], the Macdonald functions are the generating functions of the
Euler characteristics of the Laumon space, that is, the generating functions of some cohomology class of the
(twisted) de Rham complex. Then, there exists the Poincaré duality in the usual sense, and in terms of the

generating functions, this duality is interpreted as (4.1.19)).

The Poincaré duality is also easy to check, once we note the prefactor [, j<n interpolate

Remark 4.1.8. The operators DY act on Cllz=9+]], where —Q stands for the negative root lattice of type
A,. The coefficients of each z =[], 2/ (n € —Q+) in fo% (x;s|q,t) are in C(s~9+).

By Fact we know that the dependence of s-variables should be associated with the coroot lattice. (The
x-variables are associated with the eigenfunctions while s-variables are associated with their eigenvalues.)
Thus, for general root systems, the coefficients of each monomials are in (C(siQXr). This implies that under
the bispectral duality, the Macdonald functions transform to those associated with the Langlands dual root
system.
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4.1.3 Analytic Property

Definition 4.1.9. For a = (ay,...,a,) € (C*)" define the projection for the canonical coordinates my, :
(C*)n 5 Cn-1 by
mn(a) = (az/ay, ..., an/an_1) € C"71. (4.1.21)

Notation 4.1.10. For later use in Section we prepare some notations.

z:=(21,..-, z‘n‘,l) = 7T|n‘(($1, ... ,x|n|)) ,

zZ:= (51, ey Z‘n‘+‘m|,1) = 71"”|+‘m‘((3;‘1, ey Yty e e )) 5

w = (U)l, ey w|n|_1) = 7T‘n|((81, ceey S|n|)) s

w = (’LZ}l, ey w|n|+|m|—1) = 7T|n\+|m|((317 ey 5|n|+|m|)) .

Definition 4.1.11. Define the open subset D,, C C"~1 by

Dl ={w=(w1,...,wn—1) €C" | w;--wj_1 ¢ ¢ Zu{0}, 1<i<j<n}, (4.1.22)
so that
R D) = {5 = (51, 50) € (C)] s5/s: £ 4% 1< i< j<n}. (4.1.23)
Definition 4.1.12. Define the subsets U(r), B2(r) C C"~1 by
UMr)={z=(21,...,20-1) €C" | [zs] <m, i=1,...,n— 1}, (4.1.24)
Bl(r)={z=(21,-.,20-1) €C" Y || <r, i=1,...,n—1}, (4.1.25)
so that o
PN BE)) = {2 = (21, 20) € (C)] foy/mi] <1975, 1< i< j<n}. (4.1.26)

We make use of the following fact, proved in [86]. This plays the central role in the first step of the proof
of the main theorem. (See Step 1 of Section[5.4])

Fact 4.1.13 ([86]). Let T be a generic complex parameter, and let O(DI}) be the ring of holomorphic functions
on D' Forn =2,3,..., we regard f®~(x|s|q, ) as a formal power series in z = (21, ..., 2n_1) with coefficients
in O(D2), that is,

o (alslgr) = Y en@:isler) [ (/0™ € 0D (4.1.27)

0eM,, 1<i<j<n

Put rg = |q/7 = if lg/7| <1, and ro = |7/q| if |g/7| > 1. Then for any compact subset K C D,, and for
any r < rg, this series is absolutely convergent, uniformly on BZ(r) x K. Thus f%'(x;s|q,7) is a
holomorphic function on UM (rg) x DL.

4.1.4 Factorization Formula
For completeness, we see the factorization of f9' under the specialization,
x; =t (4.1.28)

We refer to this specialization as the principle specialization. Then, we have the following fact.

Fact 4.1.14 (Principle Specialization [86]). Let |t| > |q|~("~2?). Then, f9' factorizes as

o Gsiftsioe (.1.29)

o (|slq,t) . :
zimtn=t @/t Qoo i (485/845 @)

Note that this is the natural generalization of

/ 1
W2 p, (7 q,t) = =, (4.1.30)

Cv

in the usual Macdonald polynomials [69].
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4.2 Generalized Macdonald Functions on Fock Tensor Space

In this section, we introduce what is called the generalized Macdonald functions on the Fock tensor spaces.
Roughly speaking, these states are the boson realization of the bispectral Macdonald functions on the Fock
tensor spaces. Throughout this section, N stands for the number of the Fock tensor. The story goes completely
in parallel with that in one Fock space (Section .

We first introduce some notation to simplify the symbols to express the Fock tensor space.

Definition 4.2.1. Let N € Z>1, and let u = (u1,...,un) € (C*)N be an N-tuple of parameters. Define the
(N, 0)-representation by

p’ELNVO) = (pu1 & Puy @ -+ @ puN) o A(N)a (4'2'1)
where A :=id, AN := ([d®---®id®A)o-- o (id®A)o A (N >2).
N-2

The pSJN’O) endows the (N,0)-module structure to the N-th tensor space of F. We denote it by .77751’0) Q- ®

}-1(&,0)- For brevity of notation, we introduce the notation F, = ]-'1(&’0) R ® ]-'ﬁv’o) for simplicity. We also

denote F;, = L0 o0 FAD* . We denote the vacuum (resp. dual vacuum) states of Fy, (resp. Fi.) by

0) (resp. (0|), that is, the N-the tensor of the vacuum |0) = [0)* (resp. (0| = (0|*Y). We also introduce
the notation,

i—1 N—1
) ——— PN
a%);l@...@l@)an@l@...@l. (4.2.2)

Now we introduce some facts necessary to define the Macdonald operator on the Fock tensor space.

Fact 4.2.2 ([30]). On F,,, we have

N
PO (2 (2) =D uid(2), (4.2.3)
=1

where, for k=1,2,..., N, we put
i-th Fock space
ADR) = (VW22) @ e (VW 3%2)® 5y tz2) ®19---®1, (4.2.4)
with v = (t/q)"/2.

Definition 4.2.3. Set XM (z) = p&N’O) (x%(2)). Define the set of generators x¥ (k=1,...,N,n€Z) by
the fusion of several XM ’s as

X0 (z) =X Pz = X (2070 ) XV (2C7R 5) .. XD (z) € End(Fu) (2] (4.2.5)
nez

We can massage the currents X (k)(z) to simpler forms. This is summarized in the following fact.

Fact 4.2.4 ([8]). We have

XH®(z) = > CAUD () AU ((q/t)F12) g, -, (4.2.6)
1<j1 < <ju<N
Definition 4.2.5. We denote by U(N) (the completion in the sense of the adic topology, of) the algebra
<X,(f)|n €Z,i=1,...N) in End(Fy). That is, U(N) is the completion of the algebra generated by the set of
operators {Xy(f)}.
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This algebra U(NN) can be thought of as the g-deformed Wy algebra, combined with some Heisenberg
algebra [30]. This will be reviewed in Section
Now we introduce a candidate for the basis of the Fock tensor space.

Definition 4.2.6. For an N-tuple of partitions X = (AN A2 . XNy € PN e define | X5) = |Xa(u)) €
Fu and (Xx| = (Xa(u)| € F;; by

1 1 2 2 N N
|X)\(u)> = X( )(1)X( )(1) X( )(2)X( )(2> "'X( EN)X( 31\1) |0> ) (4-2~7)
N N 2 1
<X>\( )‘ = <0| X/(\(N))Xiuv)) "X/(\(22>X)(\(g) : X)(\(LX)(\(%) (4-2~8)

In what follows, we omit the spectral parameter w, unless there is any confusion.
The next fact shows they form the basis of the Fock tensor space.

Fact 4.2.7 ([89]). The set (|Xx)) (resp. ((Xx|)) forms a PBW-type basis of Fu, (resp. F), if ui # ¢°t "u;
and u; # 0 for alli,j and r,s € Z.

The proof of this fact owes to the Kac determinant formula. See Proposition for more detail.

4.2.1 Definition

To define the generalized Macdonald functions, we first generalize the dominance ordering to the N-tuple of
partition.

Definition 4.2.8. The partial ordering S on the set of N-tuples of partitions is defined by

N N
A £ N =lul YO>S @) (vk)  and (4.2.9)

(IADLIAE A 2 (O] 1@ ).

Once we adapt this ordering, when we move boxes in a right Young diagram to one in its left, it gets
smaller. Inside one Young diagram, the ordering is compatible with the dominance ordering.

Fact 4.2.9 (Existence and Uniqueness [90]). For an N-tuple of partitions X, there exists a unique vector
|Px) = |Pa(u)) € Fy such that

|P)\ HP)\( ) (Z) Z U, p HP (i ) Ux,p € C; (4210)

17 < A
X(gl) |[Px(u)) = ex(u) |[Pa(u)), ex(u) eC,, (4.2.11)
with the eigenvalues
£(X)
=3 wperm, ex= (10—t gt (4.2.12)
i=1

Similarly, there exists a unique vector (Px| = (Px(w)| € Fi such that

N
0|HPA<) + ) ui, (0 H P (@), ui, €C; (4.2.13)
;L>)\ =1
(Pa(w)] X5V = 5 (u) (Pa(w)],  ex(u) € C, (4.2.14)

with ex(u) = €} (u). Again, we omit w unless mentioned otherwise.



4.2 Generalized Macdonald Functions on Fock Tensor Space 61

Remark 4.2.10. Throughout this thesis, we assume that q,t € C* and the spectral parameters u are generic
in the following sense:

ex(u) 0  (YA); (4.2.15)
(W) # eulw) (A p); (4:2.16)
u; #q"t"u; (n,meZ,i,j=1,...,N). (4.2.17)

Fact 4.2.11 ([8]). |Px) and (Px| satisfy

N c
(Px|P,.) H i” " (4.2.18)

That is, they form the orthogonal basis. cy,c\ are defined in (3.1.21).

Definition 4.2.12. Define |Qx) as the states in F,, which satisfy (Pa|Qu) = 6, i€, |Qx) = I *“) |P ).

110

4.2.2 Explicit Formula for Generalized Macdonald Functions

Now we give the explicit construction of the generalized Macdonald functions, using some vertex operators.
Unlike the one Fock space case in Section we need to put “colors” to each vertex operators to distinguish
the Fock space on which the operator acts. This is achieved by combining the bare vertex operators with the
screening currents of ¢-deformed W-algebra. In this section, we use some results in the next section (Section
, where the screening currents and the algebra themselves are reviewed.

Notation 4.2.13. For an N-tuple of parameters u = (uy,...,un), we prepare the following notations:
0w = (g, iy, P g, g, uN) (4.2.19)
t o= (’l.Ll, ey Uj—1, tui, tiluﬂ_l, Ui42 - - - ,UN) . (4220)
Forn = (ni,...,nn) € (Z>0)", we use the following notation:
N
|n| ::Zns, [i, k] = n:—Zné—&—k (1<i<N, <k<n;), (4.2.21)
tE = (Mg, T N ). (4.2.22)

We first define the analogue of the top component in Definition Note that when N = 1, the following
top component reduces to the operator in Definition [3.2.5

Definition 4.2.14. Define the vertex operators ®©) (x) : Fo-s, o — Fu by

11— 11 —~A2mn ,
dO () =:exp - a(f,)l "] exp Z 7+t_"a£})x_”
n>0n17q” nl—qg™

n>0

(4.2.23)
11—
o | LS i
n>0
We refer to ®)(2) as the top component.
Next, we introduce the screening currents.
Definition 4.2.15. Define the screening currents SO (y) : Frai — Fu by
i—1 n—i—1
(4.2.24)

SO(2) =10 --- 016 12)®1®---®1, i=1,...,N—1,
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with

. 11—t 11—t
¢*(z) :=exp <— Pl S WQ”anz”> exp ( Pl — anz‘”>
n>0 n>0

11—1¢t" 11—tm
& exp 'y a_p2" | exp | — — —Y TapZ .
nl nl_qn
n>0 n>0

The screening operators which define the ¢-WW algebra, are defined by the integral of these screening
currents. The existence of such screening operators is proved in the next section.
Now, we define the screened vertex operators, using these screening currents.

(4.2.25)

Definition 4.2.16. Define the screened vertex operators ) (z) : F-s,y ,, = Fu (k=1,...,N —1) by

k
2 (a H @ qq/u j{ H Wi 05D () - SE (g yr, ) (4.2.26)
i=1 qu»+1 ’ q) k+1 ) q 271'\/*71yZ

with an integral kernel

k=1
9@, i) = O, (turys /up41%) H 0, ( tuz+1yz+1/uk+1yz) (4.2.27)
DA Og(tyr/z) 13 Oq(tyiva/yi)

Here, the contour of the integration C is chosen so that |t7'| < |y;/yi| < lq| for 1 < i < j < k, and
lg/t| < lyi/z| <1 fori>1.

The first remark is that the integration contour is well-defined if [¢t~!| < |¢™¥ ~2|. The second remark is fol-

lowing. As we will see in Proposition below, we originally have infinite possible choices of g(z,y1,...,yk)
because the only requirement on g is it satisfies

Ui+1
e . 4.2.28
tu; g(xayh 7y/€) ( )

TQ;yi 9($7y17 cee ayk) =

The reason we make the special choice of g as in (4.2.27)), is that we have to make the screened vertex
operators ®*) well-defined. That is, the action of these operators on the vacuum in the Fock tensor space
must be well-defined. We make this state more precisely in the following remark.

Remark 4.2.17. The screened vertex operator ®%)(x) is normalized such that § o F d®)(z) |0) = |0).
Indeed, ®*) (x) can be expanded as

k
dy; (tui/uk+15q v
ok (y :]{ e 3O () SV () S8 () < . (4.2.29
=gl =y 2 ZH T q) (g fyimn)" @O (o) S () - S P 1 (4.2:29)

This ez:presswn follows from the normal ordering formulas (B.1.14) (m and Ramanugjan’s 111 summatzon
formula (Fact § below). By (4 , we can show that the coeﬁiczent of ybt in the expansion of ®©) () |0)
is given by a ﬁmte sum and the constant term with respect to yg is 1.

Fact 4.2.18 ([306], Section 5).

oo

b y) e (@@ _n _ (459)00(6/85 @) (023 4)o0(9/ % G) 0 o< s
h(abigiz) = Y Gra). Gt/ d o e (bam e (Ib/al < z < 1). (4.2.30)

n=—oo
For later use, we introduce a useful notation and the composition of these screened vertices.

Notation 4.2.19. N
II Ai=A40 %A1 x x Ay, (4.2.31)

n<i<m
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Definition 4.2.20. Let n = (ni,...,ny) be an N-tuple of non-negative integers. Define the operator
V) (z, ... s Tin)) P Fpno = Fu by

V(") (1’1, .. ‘T|n\ H (I)( I’[l 11]n) H @(1)(1'[271-2]”) ce H ®(N71)(I[N,iN}n) . (4232)
1<iy <ng 1<iz<ns 1<in<nn
When it is clear, we omit the dependence on the spectral parameters as V(™) (1, ) = y(n) (t*’?- w T

Now, we are equipped enough to state the algorithm to construct the generalized Macdonald functions on
the Fock tensor space. The basic idea is same as Theorem The only difference is that we use ®*—1),
instead of the top component, to add a horizontal strip to the Young diagram in the k-th Fock space.

Theorem 4.2.21. Let n = (nq,...,ny) be an N-tuple of integers satisfying n; > L(A\D) for all i. Once

we put [ k), = q)‘gci)tlfkui (1<k<mn;,i=1,...,N), we have the following formula:
AT U
2 Fotn (@slg, g/ )V (i1 i) |0>] “RR@)|Qx),  (4233)
x,1
with
N n;
A0
=[I1I= Tk (4.2.34)
=il [5=il
[---]e,1 means to take the constant term in --- with respect to @, and R¥(u) € C(ui,...,un) is some
coefficient.

Equivalently, we have
-2 (n) L — RN ol
<P>\|V (t*’n,uaxl,"'axhﬂ) |0> —R}\(U)f ! ‘($|S‘q7Q/t) (4235)
The following proposition gives the explicit form of R¥(u).

Proposition 4.2.22. The coefficient R%(u) is of the form,

N np k-1 t nz-&-iul/uk; ) RG

RO () = ~ 2t (i=DAD)] i 4.2.36
x(u) =7 HHH gt= T "y Jug; q) RO) ( )

k=21i=11=1

Proof. By directly expanding V(™ (2, .. ., T|p|) |0) with respect to x;, and taking the constant terms we can

prove the formula. Note that we only need to compare the coefficient of the term [[, Py >( )|0> which
is the top term with respect to the ordering [Definition 4.2.8 because by definition, the coefficient of the top
term must be 1 if we get rid of R%(wu). See [35] for the details. O

Examples

We show the examples with N = 2 and |A| < 2.
|P(|:17®)> = |PD> ® |P(Z)> ,

4.2.37
Pogy) = |Py) @ [Py — (4.2.37)

— R P,
1_u1/u2| D>®| @>7

,x|n‘>.
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|P(Dj,(2))> = ‘PE\:[> ® ‘P(D> )
1Pge) = 18 @ |Py)

1+1¢
|Poo) = \PD>®|PD>*|P51>®|P®>*m|PE>®|P®> )
1
|Pwm) = |Po) ® [F) — T—w/w |Po) ® |Py) (4.2.38)
1 1
[Pop) = \P®>®|Pg>—m\PD>®|PD>+m|Pm>®|P®>
t
T w0 =t jug) 10 € 100 -

Proof of Theorem [4.2.21]

For the proof, we prepare the following proposition.

Proposition 4.2.23. For k=0,1,.... N—1andr=1,...,N,

X(2)2®(2) - W@’“’mx(”(z) — s (1 — )8t/ 2)Y O (2)3®) (q2) T (x), (4.2.39)

where 6(z2) = Y, o, 2" is the formal delta function, and we defined

Y (z) := > cAGD ((g/t)tx) - AC ((g/t)" M) s g, - -, (4.2.40)
2<ip < <ip SN
N oo 1
+() .— Jj=Ln (J _
Ut(z) = exp Z ;7 kHO P (4.2.41)
Note that in particular YV (z) = 1.
Proof. By direct calculation. See Appendix O

By Proposition and the operator product formulas in Section we can get the relation
In|

1— qz/t2xy
X0V (L2 I B e A e O VP x M
(Z) (t .u7$17 ,$|n|) IH 1—Z/t$k (331, ,I‘n|) (Z)
N n;
_ - _ 1-— qz; k]/txg 1-— tmz/qx[i k]

B S DL AT | (i T y Gl 7L 20

=1 k=1 1<edlin) LTI/ L R/

X Tg,ay (V( (21, ... 7I\n|)) U (2p,0)- (4.2.42)

By noting X(gk) |0) = (Zﬁl t’”iui) |0) and by taking the constant term of z, we obtain

Xél)V(n) (z1,... ,{L‘|n|) |0) = V(n)(‘rl7 .. x‘n‘ |0) (Zt nﬂh)

+ (1=t ) Dl (s, 0_gi 0, a/OV ™ (@1, 21 [0)

(4.2.43)

Once we note the integrals of the total difference vanish, integrating by parts, we can show

[ 79 (sl ) D) (sl o _oi 0.0/ DV o) [0)]
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= [(Dllnl(s‘)\fj):o; q, q/t)x_kfg[\n\ (:1:|.s|q,q/t)) Vi (..., L)) \0)]%1

_ [(w—Aﬁ‘l;‘(s; ¢,4/6) % (z|s]q, q/t)) VO (21, i) |0)Lc 1
N n; _

= (Z 8{@%) {w_Afg['"‘(w\SIq, gtV ™ (21, 2 |0>L . (4.2.44)
=1 k=1 ,

Here, in the third line, we made use of Fact This equality identifies the LHS of (4.2.33) with the
generalized Macdonald functions up to the normalization.

For the formula (4.2.35]), from (4.2.43)), we have
Di(s;q,q/t)x™> (PA| VO @y, 2 |0) = (81 + -+ spu)x M (PA| VI (@1, @) [0) . (4.2.45)

This equality says > (Px| V(™ |0) is an eigenfunction of D‘n‘, and implies (4.2.35)). Since the constant terms

in f9% and fgln are ¢1(—;s1]g,t) = 1, the proportionality constant is same as RY (u).

4.2.3 Integral forms

In this subsection, we introduce what is called the integral form, which has a different normalization than that
of the generalized Macdonald functions. In N = 1 case, the integral form has the property that the coefficient

of X (l 5 is 1, that is, the integral form is expanded in the PBW-type basis as
) =X+ > e X)) (4.2.46)
p> (1A

The biggest reason to introduce the integral form is the main result looks better when written in those basis.
First, we recall the Nekrasov factor, introduced in Chapter

Nyu(u) = H (1 _ uqax(ivj)téu(iyj)-H) H (1 _ uq—au(i,j)—lt—éx(i,j)> ) (4.2.47)
(i,5)EX (i.5)€n
We define the normalization factors to define the integral forms.

Definition 4.2.24. Set

P =7 w) < [ Naoao (qui/tuy) H Cxms (4.2.48)
1<i<j<N
Cg_)(u) = 5;_)(11) X H Ny am (quj/tu;) - H Cx (k) 5 (4.2.49)
1<i<j<N
(+) . N—it DAD | (“N+DAD 4305, A0
) = [Ny
i=1
N X . . (i)’ (1) . .
o H(q/t)(lgz)\,\(mq(z—N) (n(/\ AT \)t(Nfifl)(n()\(l))+‘)\(z)‘)’ (4.2.50)

<.

iIAD | (ZiH DA [+ 320 (A8
(1)

<0
g
i
—= "

—_

(q/t)( f,t ) \)\('”\t\/\("’) |q(1*i) (n(k(i) J+IA® |) t(i*Q)(n()\u))#*\)\(i) \)’ (4251)

X .

s
Il
—

where cy is defined in and n(A) =35, (7 — DA
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Definition 4.2.25. Define |Kx(u)) € Fy, and (Kx(u)| € F; by

|Kx) = [Ka(w) == C\" (u) |Pa(w)), (Kal = (Ka(u)] :=C\(u) (PA(u)]. (4.2.52)

This normalization arises from the following conjecture with respect to the expansion coefficient in the
PBW-type basis | X) and (Xy|.

Conjecture 4.2.26.

[Kx) = ZO‘&JL) [ Xu) a(ﬂ)ulxw),@,...,m) =1, (4.2.53)
©n

<K>\| = Za&;) <X;L|a ag:()(l\x\),@ ..... 0) = 1. (4.2‘54)
n

Definition 4.2.27 (Taki’s flaming factors). Define

i (D) HA2=nO)=IA/2 — ()= g, (4.2.55)
gy 1= ")) (4.2.56)

By definition, we can compute the following inner product of the integral forms, and we have the following
proposition in the end.

Proposition 4.2.28.

@-N
> : H Nyoy Ao (qui/tug), (4.2.57)

ij=1

N
(4) i
(Kalia) = (=) 2en () ™ TT (722 g5
i=1

where we put ey (u) := Hf\il U

4.3 Generalized Macdonald Functions and Singular Vectors of ¢-
Deformed WW-Algebra

The W-algebras are defined as the commutants of the set of the screening operators [28] 26] [33]. They are
associated with the Lie algebra g, and in the case g = sls, the corresponding W-algebra is the Virasoro algebra.
When g = sly, the W-algebra, denoted by Wy, contains the higher spin operators, including the Virasoro
generators. Interestingly, the singular vectors in the Verma modules of Wy-algebra, are represented by the
Jack polynomials [73].

The quantum deformation of the Wy-algebra (¢g-deformed Wy -algebra) was introduced in [105] 12]. One
guiding principle to define the ”good” deformation is that the singular vectors of the deformed algebra must
be related to the Macdonald polynomials, which are the g-deformation of the Jack polynomials. Another
principle is the solvable model, called the RSOS model, see remarks in [51], [66, [102].

Later, the quantum deformation of W-algebras associated with any simple Lie algebra was defined in [34].

In this section, we define the g-deformed Wy-algebra as the commutant of the screening operators, and
then show the formula for the Kac determinant.

In this section, we change the region of ¢ so that |t| < |q|, for later convenience.

4.3.1 Screening Operators and ¢-Deformed Wy-Algebra

First, we define the screening currents, the integration of which becomes the screening operators. We have
already used these operators to give the explicit formula for the generalized Macdonald functions in Section
4.2.2]
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Definition 4.3.1. Define the screening currents S (y) : Fyos .y — Fu by the following,

i—1 n—i—1
; ——N— ) —_———
S(z)('z)::1®"'®1®¢SC(71_12)®1®"'®17 izl,---,N—l, (431)
with
11— 11—t
QSSC(Z) =exp -~ ’YZna—nZn exp 77an2’7n

n>0n1_qn n>0n1_q7’n

(4.3.2)

11—t 11—t
® exp ( w1 n'y”a_nz"> exp (— =1 n’y_"anz_”> .
nso vt T4 nso vt T4
Remark 4.3.2. In the original papers [107, [I2], the zero modes are attached to the screening currents. In

this thesis, instead of zero modes, we use the pseudo-constant functions in order to make it easy to prove the
ezistence of the integration contours. See Proposition [[.3.7 below.

Remark 4.3.3. The main problem here is, of course, how to find the screening currents. Once a candidate
for the currents of an algebra is given, there is a general strategy to check whether there are the screening
currents. See the next paragraph.

Here we begin with the Drinfeld current X (2) of U, ; in mind. The current is of the form,
XD (2) = g AW (2) + upA®@ (2) 4+ - - + un AN (2). (4.3.3)
Then, we define the (candidate of) first screening current by the following difference equation:

AP (z) _ Si(az)

AD(z) " Si(z)

(4.3.4)

a is either of ¢*!,¢t*1. The idea of the difference equation is as follows. With ¢, ¢1, co some constants, we can
compute from the normal ordering as A™M(2)S;(2) — ¢S1(2)AM (2) = ¢ : AN (2)S;(2) 3, and AP (2)S(2) —
cS1(2)AP(2) = ¢ : A®(2)S1(2) . Thus if the equation like : AV (2)S;(z) : ~: A®)(2)S;(2) : does not hold,
there is no chance for the two terms to sum up to 0, up to the total ¢*'- (or t*'-) shift.

Note that the LHS is chosen so that it respects the structure of the root system. That is, the ratio us/uq is
an element in negative simple roots, and thus the screening current S; is associated with this negative simple
root. The other screening currents also can be defined by considering the other simple roots.

Actually, in U, + case, and a = ¢, the following relation holds:

AP (VP entz) _ SW(gz)
CAM(t2) o n(z)®1 T SM(z) (4.3.5)

In the definition above, we use @« = ¢ for all ¢ = 1,..., N — 1. We can make another set of the screening
currents if we put o = ¢. This is compatible with the fact that in WW-algebra, there are two sets of the screening
currents S (z) and S; () (see [34], for example).

Proposition 4.3.4. Let g;(w) (i = 1,...,N — 1) be a function such that gi(quw) = “=*g;(w). Then, the
commutation relation between S™ (w)g;(w) and the generating currents of the algebra U(N) is a total g-
difference, that is,

[S(i)(w)gi(w),Xr(Lk)} = (1 —T,.) (some operators)  (Vi,k,n). (4.3.6)

Proof. By the normal ordering formulas (B.1.8)-(B.1.13), the operator AU)(z) with j # 4,7 + 1 just commute
with each other and we can show

[: AD()AFD (4722) ¢ S(i)(w)} =0. (4.3.7)
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Thus, all we have to compute is the relation with u; A (2) 4 w4 ACH(2).

We have
AD(2)8D (w) — SO (w)AD (2)t = (1 - )5 (f;’) A (tw/q) S (w) -, (4.3.8)
and
. . . . _ _ tw . .
A (2) 8D (1) — SO () AT (2)¢71 = (1 — +71)5 (z) A (40) SO (w) -
— (1=t )6 <t;”) A (1) SO (qu) : . (4.3.9)

Ui41

Then, by the defining property g;(qz) = .= g:(z) under the g-difference, we obtain

(WA (2) + w1 AT (2)) SO (w)gs(w) = SO (w) (ud D (2) + 1 i1 AT (2) ) g3 (w)
tw

= (t = Dug(Tya — 1)0 (qz) A (tw/q) 8D (w) : g(w) . (4.3.10)

O

Remark 4.3.5. The function g;(w) can be realized as g;(w) = %,

We again write the definition of U(N).

Definition 4.3.6. We denote by U(N) (the completion in the sence of the adic topology, of) the algebra
<X7(f)|n €Z,i=1,...N) in End(F,). Namely, U(N) is the completion of the algebra generated by the set of
operators {X,@}.

Now we show U(XV) is actually in the commutant of these screening operators. The proof is similar to the
case corresponding to the Minimal model, given in [49]. Note that, as is same as the Virasoro algebra, the
integration contour does not exist for the generic spectral parameters. Let us remark that in the Virasoro
case, the existence of such a contour is studied in [56].

Proposition 4.3.7. Letr,s € Zsg and k,j € {1,...,7}. We also assume |t| < |q|. Then the generating
currents of U(N) commute with the screening operators, that is,

Uk 41

eq(t2i U 1UZ,)
W] —0, (4.3.11)

[X(j)(z), f{ %"S(k) (wy) -+ - S® (w,) ﬁ

=1

where the spectral parameter of the codomain of S(k)(wl) is chosen to be u with ux = ¢°t~"upy1. Here
and hereafter, we use the shorthand notation

dw z dw;
— = _— 4.3.12
_7{ w ﬁl_Hl 21/ —1w; ( )

where the cycle is the r-dimensional torus T : |wy| = -+ = |w,| = 1.

What we have to prove is there are no poles between the contour T and g~ ' -T. ¢~ '-T denotes the
contour with one of w is deformed to |w;| = g~'. Once we can prove this, we can complete the proof by using
Proposition[{.3.7) and shifting the integration variables by q. For the detail, see below.
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Proof of |Proposition 4.3.7|

We first prepare a lemma concerning the symmetrization of theta functions.

Lemma 4.3.8. Define

~ 1 - . 0,(tzo()/ 204
Fro(a,onzm) == 3 [[0@ 0 zw) [T 5 o200/ %) (4.3.13)

' ses, in i< ot 2a()/20()

Then, we have

.Haq(ti), 11 M.Haq(q%zi). (4.3.14)

For the proof, see the proof of Lemma 4 in [49].

As commented in the proof of [Proposition 4.3.4] it is sufficient to consider the relation with A®)(z) +
A+ (2). With the help of (4.3.10)) used in the proposition above, we can show

r 0 t2i Uk w;
{A(k)(z) +A(’f+1)(2),7{d55(’”(w1) S0 () - H q(ukﬂ)}
i=1

Gq(twi)
w Win J(twi/w;) 1 0,(°tF Tw;
,Z%d 1)¢m=1 k(Tq,wm1)5(t>A(w)l<H< O (twi/ ).H‘)(‘” )

gz Oq(wifw;) 1 Og(tw:)

T

1=t~ wp /w;i 1 — twi/wm -
y H 1=t wp fw; I 1 twi/wm A (b, /) TSP (20 (4.3.15)
=1

1 —ww; Pttt 1 —w;i/wm,

with

iy (i /255 @)oo (L2 /T35 ¢) oo

which is introduced in [Definition 3.1.21] the integral kernel of the scalar product. When we symmetrize the
variables w;’s, the expression reduces as follows:

d tWo (1
'Z Z% v (t — Dug T,w(,(m) 1)5<w()>A(w)

" m= loes, q=
0y (two iy /Wo () T 00t Wo (i) 1 — twe (i) /We(m) -
% o(i o . o)) o(i a(m ':A(k)(twam /q) S(k)(z
1<g<r O (W i) /o)) Hl Ou(twos) Qn L= Wo (i) [Wo(m) " 1;[1

DY F 20 D (T -5 (22 Aw)

1=1 m=1 c€S,
o(m)=l

Htai o(g TG St%_’rai 1_t0i . .
[ attwew/ven) 700 0ew) pp L0000 1 ) T 5 (20

1<i<j<r 0y (wo i) /wo (i) 2 Ba(two() o(i)#l 1= wo () /wi i=1

Oy (twoi) /Wo(s) 1 Oald’t* " wo) \ 77 1 = twi/w -
X . U A (tw SR (2
S OT1 2211 Iolions) T ( z/q)zl;[1 (2)

€6, 1<i<j<r 0 (Wo i)/ Wo(s)) i=1 £l

(4.3.17)



70 4 Generalized Macdonald Functions on N-Fock Tensor Space

Then, we can apply Lemma [£.3.8 and we obtain

« 1:[2 9(1(’;) 0™ () T A2 A® (tu ) 1:[1 S®) () : . (4.3.18)

0y i=1 il 1 —wi/wy

In this expression, we have poles at w; = 0, w; = ¢"tw; and w; = ¢ "t~ w; (i # 1, n = 1,2,...). Since
[t| < |gq|, the g-shift of the cycle w; — quw; does not pick up any poles and thus the integral (4.3.18) is zero.
This completes the proof. O

4.3.2 Example: ¢-Virasoro Algebra

Now let us see the example, g-deformed Virasoro (g-Virasoro for short), that is, N = 2 case in more detail.
As noted above, in U(N), the Heisenberg algebra is contained. In order to strip it off, we introduce the
following currents [30].

Definition 4.3.9. Define two currents «(z), 5(z) by

- 1 - 1
= - —b_p2" |, = — b2z " 4.3.19
a(2) exp< S o ) B(z) = exp (Z b ) (43.19)
with the boson
1
by bn] = —(1— ¢~ ™)(1 — t™)(1 — 42™) (™ — ™™ g, ,
s ba) = (1= ™) (1= ) (1 =22 )b .
Alby)=b,@c " +1@b,.
We define the image of this boson under the horizontal representation p1:%) as
11—t
bn — |7”L| (’yml - 7_‘n|)an . (4321)
We define the ¢-Virasoro generator.
Definition 4.3.10.
T(2) = poo, (A(H(2))) (4.3.22)
with
t(z) = a(2)xt(2)B(2) . (4.3.23)
Remark 4.3.11. Note that the currents «a(z), 3(z) are chosen so that
PO (t(2) =1. (4.3.24)

This means when N = 1, U(N) is just the Heisenberg algebra. When N > 1, the non-trivial algebra, g-Wn
algebra appears.

Proposition 4.3.12 ([I05]). We have the commutation relation

Fof DT ) - £ w)T(e) = EDEZ (520 12) — o 72) (43.25)
i (1—g2)(1 = 2/1)
C (I=gx)(1 -2
T =000 —en

We refer to this algebra as the q-Virasoro algebra.

(4.3.26)
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Let us give three remarks on this algebra.

Remark 4.3.13. When N > 3, on the RHS of , the new currents appear in the coefficient of the delta
functions. Thus unlike the Virasoro algebra, q-Virasoro is not subalgebra of ¢-Wy -algebra.

Remark 4.3.14. Recall that the Virasoro algebra has the coset construction [37, [6],

ok ®5len vy, (4.3.27)

sl k1
The similar construction for the g-Virasoro is studied in [51)].

Remark 4.3.15. Moreover, as noted in [51], [66], the structure function f(z) of q-Virasoro and the generating
current T'(z) appear from the integrable model called the restricted solid-on-solid (RSOS) model. Because the
way to deform the Virasoro algebra is not unique, the relation with the integrable model ensures this is the
"good” q-deformation.

4.3.3 Kac Determinant Formula

The Kac determinant formula of the ¢g-deformed Wy-algebra is discussed in [I05]. In order to show Fact
that is, the fact that |X) form a basis on the Fock space, the Kac determinant formula with respect to | Xy)
is proposed in [89]. While in [89], the proof goes without clarifying the choice of the integral cycles, now we
know the existence of the integration cycle (see the proof of Proposition .

Definition 4.3.16. Let 1 <k < N —1 and up = ¢°t "ug+1 (1,8 € Zso ). Define the vector |X7(nks)> € Fu by
the integral

r 21 X
Xy - % 250 (2)). .. 502 )Hoq(t Ukzi/ Uk +1) o). (4.3.28)
i1 Qq(tzl)

Again, note that u is the spectral parameter of the codomain of S(k)(zl).

Proposition 4.3.17. The vector |X$ks)> exists at level rs.

Proof of Proposition[{.5.17 By the normal ordering formulas among screening currents and Lemma [£.3.8] we
can show

X)) = dZA( ) H 0q(t2i/2) H by(q°t* ™" i) :SF(z1) - 8®)(2,) 1 |0)

1<i<j<r Gq(zl/zﬁ) gq(tZZ)

z (zi/z;
1<i<j<r ’/ J

He ) fd A(2) H HS(’“) (4.3.29)

i=1

:f%A(Z) H tZZ/ZJ H 4( tzz s(z1,0,20) S(k)(zl)”'s(k)(ZT) +10)

s(l s)

with A(z) defined in . Note that : [[}_; S®)(2;) : |0) agrees with the kernel function [Definition 3.1.12
because we can neglect the annihilation part of S*)(z) and the creation part is of the form of ©(z) in Definition
Therefore, it is expanded in terms of the Macdonald functions. Noting that [[;_, z;° is the Macdonald
polynomlal labelled by the rectangular Young diagram (s”) in r variables, we can rewrite as

rs(lfs)/Qtfrs T

q k T r
5 ZP (o)10) (P (2), Q3 )i
1=2
rs(l1—s)/24—rs T
q t k r r
= Hg Py (%)) [0) (P (), Q1 (2))) (4.3.30)
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where

o™= YA (—4"a (k,)L + a(k+1)), (4.3.31)

—n —n

and (—, —)j, , denotes the Macdonald’s another scalar product defined in Definition Since the Macdonald

polynomials are orthogonal with respect to (—, —)/ ,, the inner product (P(r)), Q(ér)> ot does not vanish. Thus,

q,t?
|X£ks)> # 0 and of level rs. O

By these two propositions (Proposition [4.3.17| and Proposition |4.3.7]), we can show the existence of the
singular vectors of the algebra U(N).

Corollary 4.3.18. The vector |x$ké)> 18 a singular vector of level rs, i.e.,
X0 x®)y = (4.3.32)
forallm>0andi=1,...,N.

We revisit the proof of the following formula for the Kac determinant det,, := det ((Xa(w) | Xp(w)))y
where g+ n means p is a N-tuple of partitions with |u| = n.

Proposition 4.3.19 ([89]). We have

det,, = H H b}\(k) (k) t7 )

AFn k=1
PW) (n—rs)
X H (ugug - - uy)? H (ui — ¢°t "uj)(u; — ¢ "tPuy) ) (4.3.33)
1<r,s 1<i<j<N
rs<n

with

ba(@) = [ (¢ @) - NORSIC IR || (U I
i>1 i>1 (4.3.34)

PM () =#{x =D, AW IA =n}.
(Recall m; is the number of entries in X equal to i.) In particular, if N =1,

dety, = [ ba@)bh(t™Y) > uj =3, (4.3.35)
AFn

Proof. We can compute the inner product (Xx|Xx) by commutation relations of Xff), and the parameters

@)

u1,...,un appear as the eigenvalues of X;’. Thus, (Xx|Xx) turns out to be a polynomial in

myiy (U1, ..., uN) = Z wj, U, (4.3.36)

J1<--<Jji

over Q(q% , t3 ), and thus so is det,,. Because we have the action of the Weyl group of type Ax_1 on polynomials
in u;, we can define the action of the symmetric group G on them in the usual way. Note that the Weyl
group fixes the symmetric polynomials mi)(u1,...,un). Therefore, det,, is also a symmetric polynomial in
’LLj.

Let us introduce the new parameters v} and v’ by

Hu; =1, w; = uiu”. (4.3.37)
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Then (Xx|X,) can be decomposed as
(XA X,,) = (u)Zro HEQ)HGED) S (holynomial in u)) (4.3.38)
and thus det,, is also of the form
det,, = (u)? % 1xi=n ZREa k) F(ul,... uy), (4.3.39)

where F'(uf, ..., u)y) is some symmetric polynomial in uj. Note that the degree of F'(uf, ..., uy)is237 5, chvzl LA,
By Corollary [4.3.18] for 7, s € Z~o with rs < n, we can show that det,, contains the following factor:

Syp—1 M) (n—rs Syp—T P (n—rs
(k= gt )™ = (W, — g g )T T (4.3.40)

This is the same discussion as that of the Virasoro Kac determinant. Thanks to the Gy invariance, det,, must
also contain the factors

<N) n—rs
(ui _ qist$ruj)P(N)(n—rs) — (u//(u; _ qistiru;))P ( ) (4.3.41)
for i # j. Recalling the degree of F(u},...,u)y), we can show
dety, = gan (g, t) x (u)?Tamn Tz 16AT)

T T (- o - g o)

1<i<j<N 1<7,s

rs<n
= gnn(4,t)
PN (n—rs)
X H (urug - - un)? H (u; — gt "uj) (u; — g~ "tyy) , (4.3.42)
1<r,s 1<i<j<N
rs<n
with gn.n(q,t) € Q(g2,t2). The prefactor gn.,(g,t) has been derived in [89). O

Similarly to the Virasoro case, the form of the Kac determinant ensures the linear independence of the
basis | X), because for ux # ¢°t "ug+1 (r,s € Z=o ), the Kac determinant does not become zero, and thus
there is no zero eigenvalue. As the corollary, Fact follows.
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Appendix 4.A Proof of Propositions
4.A.1 Proof of Proposition

First, we prove the relation for £ = 0. Note that it is this computation that becomes crucial in the proof. For
i1 < --- < i, we introduce the notation

AGTt) () = A (2) . A (q/8)12) ¢ (4.A.1)

By virtue of the normal ordering formulas (B.1.23] m and the identity of operators : ®©) (w)A™M (tw) :=
&) (quw)¥*(w), we can show that when i; = 1,

A1) ()30 () — t‘ll (¢/t) Z/txq)(o)(x)A(il,A..,ir)(z)

1—z/tx
= (1 —t7YHYo(te/2) - AU ((q/t)tx) - A ((q/t)" 1 tz) DO (qz) T () -, (4.A.2)
and when i > 2,
i1,y 1—(q/t)" 2/t i1yeein _
Al )(2)® ) (2) — T O (z)Al )(z) = 0. (4.A.3)

Combining these equations, we obtain the result for the case k = 0:

X220 (@) - W@ @)X (=) = ur (1 — t)d(ta/2)Y O (@) 8O (qu)¥* (x) . (4.A4)

Next, for the case k # 0, we multiply the screening currents, which almost commute with the generating
currents X ()(z), to this relation from the right side. Note that U+ (z) also commutes with S (y), that is,

U (2) 50 (y) = SO ()T (2). (4.A.5)

Combining the defining property of g 7 , and commutativity of the screening currents, we can
derive the relation for general k.

Thus, what is left is to show the commutativity of the screening currents. This goes as follows. First, from
the Leibniz rule of the commutator, we have

) () - [X(T)(Z)’S(l)(yl) S (y)g (@, i, - -,yk)]

k
=3 2O (2)$W(yy) - [X(’")(z),s(")(yi)} - SW y)g(a,y, ) - (4.A.6)

1=

=

By the same argument as the proof of Proposition the term which survives in the RHS of (4.A.6]) can
be written as

t 2¢ i
(1= T30 () 20)50 ) -
. A(jl,u-,jz’i,jz+2~'~,jv~)(t,y?fyi/q) S(i)(yi) N (yi)g(z,y1s .- Yk) - (4.A.7)

Note that jpio >+ 2.

Next, let us name the positions of poles in y;, because we have to be careful about the integral cycle.
Combining the f-functions containing y; in g(x,y1,...,yr) and theta’s coming from the normal orderings
among screening currents and ®(°)(z), we have the factor

1 (tYi/Yi—15 @) oo (tYit1/Yi5 @) oo
Oq(tyi/yi—1)0q(tyiv1/vi) Wi/ Yi—15 @)oo (Yit1/Yi5 Qoo
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1 1
(g1 /1Y Qoo (qYi /tis1; @)oo (Yi/Yio13 @)oo (Yit1/Yi3 @)oo

Yo = T. (4.A.8)

From the normal ordering between ®©)(z) and A® (ty; /q) in AUL-debiet23r) e also have

1 — %"y /g

4.A.9
1—vy;/ta ( )
Note that for i > 2, from the normal ordering between SU=1) (y;_1) and A (ty,/q), we have
. _ 1 — tu: fqus _ .
SO0 (g A 1y fg) = LB g6 )AO (/) - (4.A.10)
1= vi/qyi—
Then as a result, we have the following set of poles of (4.A.6) in y;:
y; = tx, (4.A.11)
vi =t My, v =4 i, (4.A.12)
yi=tq "y (i>1,n=0,1,2,...), (4.A.13)
and
yi=q "y fori>2, (4.A.14)
yi=q "z fori=1 (n=0,1,2...). (4.A.15)

When r = 1, these are all of the poles, while for general r, this list does not exhaust the possible poles. In
case r > 2, from SU)(y;) and AUm) in AU-debieiz i) with m # £+ 1, and from ®© (z) and AUm)| we
have additional poles. That is, we have the following factors:

¢ _ _ _ _
I 1=t g/t Ly fys, 1= (q/t) "2y /y;,,

L—(q/t)= ™Yy /y;. 1 —q Yq/t) =™ Yy /y;, -1

ﬁ 1—t(q/t) ™+ y; Jyi 1— (q/t)™ 2y, 1/ (4.A.16)
1— (q/t)tmtly; Ty, 1—q(g/t) ™y, 1)y

m=1

m=£+2

and

1— téjm*l_l t —Ll+m—2,,.
H 1— tfl( /(g)/Zerl }y;/x (4A17)
M1 q Yi

In the end, combining all above, we can show that the following set of the points contains all the poles in y;
are in the following positions: For ¢ > 1,

vi = (g/) " My, v =ala/t)" Yy (G >), (4.A.18)
v =q(q/t) "z, (n=0,1,2...), (4.A.19)
and for i > 2,
= (¢/t)" Ty (1<j<i), wi=qlg/)" Ty (2<5 <), (4.A.20)
yi = qlg/t)"Mx (n=0,1,2...). (4.A.21)

For the given integration contour, the poles (4.A.12)), (4.A.20) and (4.A.21) are inside the disk {z;|z| <
lqy:|}, while the poles (4.A.14]), (4.A.15)), (4.A.11), (4.A.13), (4.A.18) and (4.A.19) are outside {z;|z| > |yi|}-
Therefore, the shift y; — qy; is not affected by these poles, and we can show the commutativity between the
screening currents and X (7). O




Chapter 5

Main Theorem: Mukadé Operator and
its Matrix Elements

We are now ready to prove (a part of) the main claim (Conjecture 2.2.1). The key idea is to realize the
instanton partition function Zi(lfl:év_ A by the expectation value of the composition of intertwiners. As we
soon see below, we introduce the Mukadé operator V(x) (defined in Section [5.1)), and prove the formula for
the matrix elements of this operator with respect to the generalized Macdonald functions. Roughly, this ends

with the products of the Nekrasov factors, that is,

N
(Ka(v)[V(z) | Kp(u)) ~ H Ny 60 (quiftug) . (5.0.1)

4,j=1

(See |Theorem 5.2.1{)

For our final purpose, we prepare two facts. One of them is the M-th compositions of the Mukadé operators
give the partition function of the (Ap;—1, Ax—1) theory, that is, schematically,

B V(1) V(wa) |0) ~ 2L Av-0) (5.0.2)

inst.

This is because the Mukadé operator has the realization 7" (see [Proposition 5.1.9)).

The other fact is the M-th compositions of the RHS of (5.0.1) (with some appropriate instanton fugacities

(AN-1,AM—1)
Zinst.

q;) give the (see |Proposition 5.2.3l), that is,

M
Z H qL}\[kH . (RHS of ‘) ~ Zi(nizé\f'—l,AM—l) . (503)

AltlepN | k=2

Then, combining these three relations, we (almost) completes the proof of [Conjecture 2.2.1] All these facts
are summarized in Section [5.21

Because the latter two facts are easy to prove, the most difficult part is the proof of . Section is
devoted to this proof. The proof itself is straightforward, though we have to make use of the Kajihara-Noumi
identity for the multiple hypergeometric series, which we explain in Section

5.1 Mukadé Operator

In this section, we introduce the Mukadé Operator V(z). Its uniqueness is easy to see, though its existence is
not trivial. In order to prove the existence, we concretely construct the Mukadé operator using the intertwiners
of DIM algebra. The term ”Mukadé” means the centipede, and the reason for its name is that the diagram of
this realization looks like a centipede.

76
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5.1.1 Definition
We define the Mukadé operator.

v

Definition 5.1.1. Define the linear operator V(z) = V(u ;:17) s Fu — Fy by the following relations:
(1 - g) XD (2)V(z) = (1 - (t/q)i§> V(@) XD(2), ie{1,2,...,N} (5.1.1)

and (0| V(z)|0) = 1.
Remark 5.1.2. Under the q,t — 1 limit, the defining relation of the Mukadé operator reduces to
0
[L,,V(z)] = 2" (Zaz + h(n+ 1)) V(z). (5.1.2)

Thus, we can regard the Mukadé operator as the g-analogue of the Virasoro primary field.

Then we have the following proposition.

Proposition 5.1.3. The V(z) exists uniquely.

Proof. If the operator V(z) exists, the uniqueness is clear by definition of V(w) and the fact that the vectors
|X ) form a basis (Fact 4.2.7). The existence of V(w) is shown in Proposition in the next section. [

5.1.2 Existence

We now show the existence of the Mukadé operator, composing the intertwiners of DIM algebra as the following
diagrams.

oy, AV

’U,l,,LL(l) uN7:u(N)

) ug, pt?
v1, A vV Aw] = wo

e
A

]/(0) — @ w1

Q]N)/\(N)

Figure 5.1: Left:ﬁlfu(u, v;w) and Right:ﬂ‘fu(u, v;w) (up to the overall factor)
For the preparation, we introduce some notations.

Notation 5.1.4. We introduce the notations w; and w related to the spectral parameters w,v of the modules.

w; = w,
w = S, for i=1,...,N, (5.1.3)
"

(2

wiyr =wi, for i=1,...,N—1.
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Notation 5.1.5. For integers n < m, we write

®’” i = A, Q- ® A, (5.1.4)

For later use, we have to construct the basis for (0, N)-modules. These modules are studied in [I7].
Fact 5.1.6 ([I7]). The following vectors span FON) and its dual space:
A =L D), (A9 e FO)

~ , (5.1.5)
=@, (A

They are normalized as

N c
Alp) = H “)6>\,L (5.1.6)

FEspecially, we denote the vacuum state by |0) and <(Z)|

Remark 5.1.7. Note that the basis for (0, N)-modules are just the tensor product of Macdonald functions,
because they are the eigenfunctions of S(AWN) (x1)) = AN () = ¥ @- - -@¢] with S the Miki automorphism
(Section [3.5). As in the N = 1 case, (0, N)-modules and (N,0)-modules are also exchanged under S. For
example, we can easily see the following correspondence of the eigenvalues:

N
pO (@) [Pa) = Zuk@\m 1Pa) s PO A) = (1—1t/q) > urera [Pr) - (5.1.7)
k=1
(Recall that ey == (1 —t~1) Zf(j‘) it +t=*N) For more detail, see [85].

Now we define the compositions of the intertwiners, one of which gives the realization of the Mukadé
operator.

Definition 5.1.8. Define the map TH (u,v;w) : (®1 1 (O b ) (®1 1 (0 b ) by the following composition

FOV @ - @ Fo) @ FIOY g |0y 2282 FOD g ... 9 FOU @ FOU

7va
d®--- P ]:15?,1) Q- ®f50’2 ® ];1(01&0) ®]_-1(L?V,1) d®---@Pid ]_- 0.1) . ®‘F£1v11\r) o, ®f7§?\}1)
dg-@eed, 288, 10y @ FOD g ... FOD @ FOD |

Here, ---®|0) and |0)®- - - mean taking the vacuum expectation value at the level (1,0) modules. For simplicity,
we introduce the following notation,

TH (w,v;w) = (0] ®* [wy, w1 | P[w], v1]D* [wo, uz B[wh, va] - - - B* [wiv, un|P[wy, va] |0) . (5.1.8)
For later use, we introduce the map TH (u,v;w) : (®Z 1fv0 1)) < F 1)) by

TH (u, v;w)

@17 (u, v;w) [0)

TH (w,v;w) =

(5.1.9)

We denote its matriz elements (with respect to the F(ON) basis) by
T (w,v;w) = (| T (w, v;w) |A) . (5.1.10)

|A) is the basis for the (0, N)-module defined in Fact[5.1.6f Note that we have the expression for the matriz
elements of TH (u,v;w),

(T (u, v;0), [IX) = (0] @50 [wr, u]@xeo [wh, v1] - @ [y, un] @y [wly, ] [0) - (5.1.11)

Also, define the vertex operator TV (w,v;w) : Foy — Fp by
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TV (u,v; w)
14 ) Uy
) = ) 5.1.12
T ) = (G (w10 0) (0442
with
N1
v (4) * *
TV(wvw) = Y ] 2 @ [vr, wi]Pplur, wi] @ By [z, wh]P, ) [z, w] @ - -
b, -y =1 o (5.1.13)

e ® @S[UN,’LU;V](I)V(N_U [UN,U)N} s

and its matriz elements (with respect to the FWN.0) basis, that is, the generalized Macdonald functions) are
denoted by
T (w,v;w) = (PA| TV (u, v;w) | P,) . (5.1.14)

This operator 7" guarantees the existence of the Mukadé operator, defined in Def. and the following
proposition completes the proof of Proposition [5.1.3}

Proposition 5.1.9. For arbitrary i € {1,2,..., N}, the operator TV (u,v;w) satisfies

(1 - 9) XD )TV (u, v;w) = 4~ (1 - 721'3) TV (u, v;w0) XD (2) . (5.1.15)
z z
Proof. The proof is done by direct calculation. For more details, see Section OJ

Remark 5.1.10. The factor y~¢ in the RHS of can be compensated by redefining the spectral param-
eters as v~ 'u;. Under this redefinition, the matriz elements of TV (u,v;w) agree with those of V(w).

5.2 Main Claim

Now we state the main claim in this thesis. The matrix elements of the Mukadé operator with respect to the
integral forms of the generalized Macdonald functions factorize as the product of the Nekrasov factors.

Theorem 5.2.1.

Al N ] N
(=7*)Ven(u)z U g
( ) 2 H N)\(i)#(j)(qvi/tuj'). (5.2.1)

K x(v)|V(z) | K (u)) = '
IR = Tl e e 11

2

The proof is given in the next section.

5.2.1 Application to Physics

Before going into the proof, we name some implication of the theorem for physics. Here we name two
applications. The first application is for proving [Conjecture 2.2.1] The composition of the Mukadé operators
i

gives the instanton partition function Zl(n’iév -1 Am-1) (defined in [Fact 2.1.4). Then, Theorem [5.2.1} which
shows the equivalence between the Mukadé operator (= 7V) and T, gives the proof of the conjecture. As a
corollary, we obtain the duality formula for the refined topological vertex under changing preferred directions.

The second application is for proving the 5d version of the Alday-Gaiotto-Tachikawa (AGT) conjecture [4].
In the original AGT, the 4d instanton partition functions are tied to 2d CFT. When we lift the 4d theories
to 5d, the counterparts of 2d theories have not been well-formulated, because the VOA structure gets lost via
this lift. Theorem [5.2.1] strongly insists that the Mukadé operators are regarded as the g-deformation of the

primary fields in CFT.
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S-duality (Conjecture 2.2.1))

First, we show the composition of 7H gives Zl(néé\' LAM=1) For that purpose, we prepare the following lemma.

Lemma 5.2.2. By taking normal ordering, we can compute T, )\ T defined in , and we obtain

7;5[“(’11,, U] w) = Tn?ono. ’ Z;/L,A(uv U) ) (522)
with
A1) _—
N N S 9 . .
o) [ en(u) ui \ —(N=DAO | (N=) |
TH _ (71)|u | w Vs < ) v, U,
mono. Z];E €N(’U) jgl J YU; 7 )
Tu N T 80 )+ -
x | =F— q t 5y , (5.2.3)
Faw
N
=1 Na o (vi/yu;
2!, \(u,v) = ILijm1 Moo o (v /715) = ) (5.2.4)
' [Ticicjen Nuo o (qui/tug) Naoy ao (qus/tvi) [Ty cum exe
Proof. By direct computation, using some formula in Appendix [B-1.1] O

We show the following fact that the M-th composition of 7H gives the instanton partition function
Z(AN—I»AM—I)(q’t).

inst.

Proposition 5.2.3. For st ¢ CN (i =1,..., M), we have
% [ A JA
@ I 77,592 |0) = 2N A=) (q)[s@, L sMD[0lysMHD 45D y) (5.2.5)

with the following identification of the instanton fugacities:

n(sFHDY
YWen(s®) zp_y

We use the notations 0 = (0,...,0),y = (v,...,7)-

qk —

(5.2.6)

Proof. We insert the complete system id = > 5 pn %7 and use Lemma We use the simplified

notations ¢x = [[, ey, and Al = (A1)@) € P, the j-th element of N-tuple of partitions A, With
A = XM — ¢ we have

M M
H TH (i+1) 3(1 ) W)> H C/A[‘] H z+l |7~H (i+1) 3(1 ) ‘)\[z]>
1<i<M AlilepN | i=2 C)\ i=1
i=2,...,M (5 9 7)
[k] .
Z 11‘_/[[ ( S(k+1)) Th >)‘ ! H£41Hivj 1N,\[ki ] AlkE+1, j](sgk)/755k+1))
k k k .
AlllepN | k=2 vVen (s®)) zp-y Hk QH,J RANCEINS (qsg )/t5§‘ ))
i=2 ,.,,1\1
O

Although, in this case, the Chern-Simons levels are fixed to zero, we can change them by replacing the
intertwiners with the other type of intertwiners (M # 0 intertwiners in Fact [3.4.5).

We also have the following proposition which says the M-th composition of 7V essentially gives Z: (Aag—1,An— 1)( q,t).

inst.
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Proposition 5.2.4. For s ¢ CN (i=1,..., M+ 1) andx € CM, let ) € CM (i =1,...,N + 1) be
the vectors whose elements are determined by the relations

2 =z;, (j=1,...,M)

G+ (5.2.8)
7 —Sl(_f.l)xy_l), (i=2 N+1land j=1 M)
Si—1
Using this notation, we have
i i Ap—1,A
O TT 77", s5a)10) = M- 250 ((q) 2P, ..., @™o, y2), 4), (5.2.9)
1<i<M

TI, (@] THM (2D 2 5) @)
[T, (0] TV (sG+1), s@; ;) |0)

M= : (5.2.10)

(where THM (u,v;x)’s are same as T except that they are maps from FOM 4 f&O’M)) and the iden-
tifications
1
/ M(m(k+1)) Sl(c :

aG : (5.2.11)
- Per @) 30

Proof. First, we have

H TV (s0FD 0. 2;)]0) = H THM (@41 50, 51y |g) | (5.2.12)
1<i<M 1<i<N

where TH:M’s are same as T except that they are operators acting on M-th Fock-tensor spaces as explained
above. The equality above is trivial when we write down both sides using the intertwiners <I>’s and CID*’

Note that both sides are schematically the vacuum expectation value of the map from FO (1) ® FW oM +1> to
F(N,0) ]__(0 M)

s (N+1) -
Taking aéhe case N = M = 2 as an example, let us check this identity. In this case, the LHS of m
becomes

(O\TV( (2) 3(1)'3:1)TV( (3) (2)'x2)|0>

y() * 1 2 2 1 * 2 2 3 1
= ¥ H (0] @ [s), 2@y [0, 2V @7 o) [87), 25 1@ 51V, 2571 [0) (5.2.13)
() p(@)epi=1 ,,()

2 2 2
x (0] @55, )@, 0 [s57, P @558, 25 [s5Y, 5] [0)

which corresponds to the vacuum expectation value of the following diagram, obtained by gluing two vertical
ladders:
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3
@,xg)

o

=%

0, 28"

Then, we can decompose this diagram to two horizontal ladders. That is, once we recall the definition of

(u| TH |A) in Definition 5.1.8] the RHS of (5.2.13) can be written as

S ITE T e, aWis) ) - G770, 22 o)
v () epi=1 e (5.2.14)

<@|TH( (3) :1}(2) (1 )) TH(‘,13(2)7 (1)) |@>

Here, we use the fact id =) p» H?Zl Z,“# |v) (v|. Thus, we have the expected identity. For the generic N
v (1)

and M, we can do the same calculation.
We also have to note that we have extra factor M which appears from the normalizations of 7V’s and
TH’s. Then, by Proposition [Proposition 5.2.3] we obtain the result. O

As the direct consequence of [Theorem 5.2.1] we have the following theorem.
Theorem 5.2.5. The following equality between the two matrixz elements holds:

Tt (w,v3w) = (=) AT (w, v;w). (5.2.15)

Proof. We can show, up to the monomial factors, the both sides are equal to

N
[T =1 Naco uon (vi/vuy)
N N :
[licicjen Nuor o (qui/tug) [Ty cuoo [i<icjen Naor ao (qus/tvi) [Th=y eaco

(5.2.16)

For the RHS, it is obvious from Theorem and Definition For the LHS, it can be shown by a direct
computation, using some formulas in Appendix The monomial factor (—1)|>‘|+‘“‘ is also determined by
direct calculation. O

Then, combining [Proposition 5.2.3] [Proposition 5.2.4|and [Theorem 5.2.5] we have the following proposition.
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Proposition 5.2.6. Using the same notations in|Proposition 5.2.8 and|Proposition 5.2.4), we have

Z5a ) (1)[s@, ., 8D [0pys MY, 450, )

inst.

= M- 21 A-D) (|2 ®) 2 M0jyz VD 4z D) ).

inst.

(5.2.17)

The following figure shows what this proposition says. The arrows in the figure means they are identical
up to some scalar multiplication.

}E
}2

e =
|

e
=

=
B
B

|
-

=

<

Iy

=
e =

Z‘(AM—lyAN—l) - N M _ Z.(ANflyAM—l)

inst. inst.

= S
- -
1
-
1
»plynly
L
= S
= =
-
>
-
L
il iy
>
= S

=

=

=
=
=
=

TV

Here, let us consider the proportional factor M. We first compute the vacuum expectation value of TH.

Lemma 5.2.7. We have
0| TH (uw, v; ) |0) = G (u|v), (5.2.18)
with
G(N)(u|v) — H1§i<j§N G(uj/u;) - Gquj/tv;) . (5.2.19)
H1gj<i§1v G(u;i/yvy) H1§z§j§N G(vj/yuq)
The proof only requires the normal ordering formulas in Appendiz[B.1.1.
As a result, using the functions in|[Fact 2.1.7 and|Fact 2.1.17, we have

M

i i AN-1,AM—1 AN_1,Anm_1
[T @177 (50, 500 [0) = 2L, v (54D L ZEN nAv=n) (g0 g(M]g(1), gD
i=1

(5.2.20)

Now, we state a conjecture about the vacuum expectation value of TV .
Conjecture 5.2.8. We conjecture
0| TV (u,v; ) |0) = (O] TH (u, v; ) |0) . (5.2.21)

Using the mathematica, we have checked this identity for small N by expanding the both sides up to some
powers of the spectral parameters w,v.

Note that the LHS of the conjecture above is the infinite series,
(0T (u,v; ) |0)

N-1
CL(i " .
= Z H ; () <O| (I)y(l) [Ula U)ll}q)@[uly ’U)l] |O> ® <0| (I’U(z) [’02, ’LUIQ](I)V(U [u27 wg] |O> X+ (5222)
v p(N=1) i=1 (i)

-+ @ (0] Dglon, WP, ov-n [un, w][0)

while the RHS factorizes as the products of the double infinite product, G. Thus, the conjecture is highly

non-trivial. At this point, we do not know the proof, and this is our future work. Then, as a corollary, we
obtain the following conjecture.
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Conjecture 5.2.9. We use the same notations as in|Proposition 5.2.4 and|Proposition 5.2.4. For s

M +1) and ¢ € CM | put

cN(i=1,...,
Ziop I (60, s M) = 2 ) (0] s(0HD)
A I,A 1
5|5V, M) 2=t A (g[8, s D0y, 78D, ),
(5.2.23)

AN-1,AM-1
Z;lévop M )(()7a

that is, the explicit form is

A JAM-1
glAn-nAu=)(51) | g(M+1)| )
M
= HG(N)(s(i+1)|8(i))
- (5.2.24)
! k
H lHk 1H” 1 Ntk plk+1.91 (85 (k )/'ys( +1))

< > I(Ewas)
Nen(s(®) zp_q Hk=2 Hi,j:l Ny, At (‘155 )/tsg»k))

AlilepN | k=2

1=2,..., M
Then, combining [Proposition 5.2.6] and [Conjecture 5.2.8, we conjecture
sMHD|g) = zPm-0AN-D (1) p N+ (5.2.25)

An_1,A
Zt(opN 1,AM— 1)(8(1) o

Rephrasing in Terms of Refined Topological Vertex Now let us rephrase Theorem in terms of

the refined topological vertex. We first introduce some notation
Notation 5.2.10. Denote by |sx), the N-tensor product of the Schur functions, defined in Sectwnu that

18,
N
S = .o Sy B
[53) = @1 [sxw) (5.2.26)

(Sal = @, (

Note that (Sy |sa) = 0u .
The following lemma is the direct consequence of Proposition [3.4.9]

Lemma 5.2.11. We have
i _ (i) _ (z)
(| T (u,v;w) [X) = Hciz; g PNl g ) T e (i v, (e fu)) o (5.2.27)
_ Wy, _ i
—q 2w (g Py T XL (g o), (o fw)) - (5.2.28)

Ju®
(SA| TY (w,v;w) |s,) = Hf’:()

Cf# and C}C“ are defined in Deﬁm’tz’on and we use the notation in Notation
Definition 5.2.12. Because both |Py) and |sy) form the basis of FN:0) there exists the transition matriz

which connects the two bases. Denote the transition matriz by
|P>\ E T)\H‘S“ ) Q)\| E TAM M|
~ ~ (5.2.29)
rEP neP
W\ \M N
are inverse to each other, that is,
(5.2.30)

Note that Tx , and T ,
ZTAJ—"T;\,V = Opw -
A
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T, can be computed as follows. First, recall (Definition [4.2.9)) the generalized Macdonald functions can be
expanded in the tensor products of the usual Macdonald functions, as

| Px(u HPW + ) uap H o uapu € C. (5.2.31)

/.L<>\

From the explicit formula (Theorem [4.2.21)), we can compute uy , from the bottom. Second, the Macdonald
functions can be expanded in the Schur functions, as

Py =Y Cuula,t)s) . (5.2.32)

because both functions span F. Combining these two facts, we have

N
Thw = Z (OW H Co i (g5 1) - (5.2.33)
1% i=

The closed formula for the generalized Jack functions (that is, the 4d case) is studied in [I06]. They use the
stable envelope to compute the coefficients, and thus we conjecture the Macdonald version is obtained by
exponentiating every factors like the Nekrasov factors. This is our future work.

Then, as a corollary of Theorem [5.2.5] and Lemma we have the following identity of the refined
topological vertex. Again, we use the notation like fy = Hil Hra-

Corollary 5.2.13. We have

|>\|+|u\ H |/\< N @ Cf',,‘ ((=wit1/vs), (—vi/uq))

GW) (u|v)
(5.2.34)
_ Io T )o@ 1= Conr ((—ttig1/vi), (—vi/us))
ZN Io E[( It Cy o (muig1/vi), (—vifus)) ’

lel=IAlLvI=|pr|

where G (ulv) is defined in|Lemma 5.2.7,

AGT Proof

Second, Theorem is the proof of the five-dimensional analogue of the Alday-Gaiotto-Tachikawa (AGT)
conjecture [4]. One proof of the 4d AGT conjecture is given in [3]. The basic idea of [3] is to compute the
matrix elements of the Virasoro primary fields with respect to the generalized Jack functions, and the result
shows they factorize as the bifundamental contribution, that is, the product of 4d Nekrasov factors.

Because as remarked in the previous subsection, the Mukadé operator is the g-analogue of the primary
field, Theorem is the direct generalization of the AGT proof d la [3] to the five dimensions.

We can confirm the correspondence more concretely. The 4-point function of the Mukadé operators gives

w v (o]y 111;)?21 |[Kx) (KAl V 3;2’2 |0)
<0|v<” ;21>V(u;22) 10) :Z ( ) (Kx|Kx) ( )

A

AN ) (qi/tv; )Ny o (qui/tu;
_Z< (w) )A I1 Noa (qwi/to;) Nao o(qui/tu;) (5.2.35)

en(v)z i N Ao (qui/tv;)

This is the instanton partition function of U (V) gauge theory with 2V flavors. The similar equality in 4d was
the original statement of the AGT correspondence.
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5.3 Kajihara-Noumi Identity

First, we state the Kajihara-Noumi identity in the most general form. The formula holds for the rational,
trigonometric, and elliptic hypergeometric series, and thus we introduce the unified notation.

Notation 5.3.1. We denote by [z], a non-zero holomorphic function on C, satisfying

[—2] = —[a],
(5.3.1)
[z £yllutov]+ [ Lv]lyxu] =[ztullyto],
where [x +y] = [x + y][x — y]. The second relation is called the recurrence relation of Hirota-type.
We also use
[]k = [x][z + 6] [z + (K —1)d]. (5.3.2)

By the Hermite’s theorem (see [I17, Exercise 38 of Chapter 20]), the function which satisfies the above
conditions is any of following three functions up to constant:

[z] = x, (rational)
[z] = sin(x), (trigonometric) (5.3.3)
[z] = o(z|Zw) & Zw,), (elliptic)

where o(z|Q?) is the Weierstrass sigma function.

Definition 5.3.2. For (a1,...,am), (Z1,...,Zm) € C™ and (by,...,b,), (c1,...,cn) € C™, define

Az + pd) [x; — x5 + aj],, [; + bi]
(I)mm ai, y Am bla 7bn — J JIHG Hi 5.3.4
L (zl,...,:cm Cla-~-70n) Z A(x) H [x; —xj + 0], H [%; + ek, ( )
HELT|ul=L 1<i,j<m J B 1k Hi
with
A)= [ lwi—=], A@+pd)= [ (-2 + (@ —p)dl. (5.3.5)
1<i<j<m 1<i<j<m

Note that this series ®7"" is of the form of very well-poised hypergeometric series.

Now we state the Kajihara-Noumi identity, which is the duality formula for exchanging the two integers
m and n in ®7"". After [55], Rosengren also found the similar transformation formula from the study of the
elliptic kernel functions in [95].

Fact 5.3.3 (Kajihara-Noumi identity [55]). Let (a1,...,am) € C™ and (by,...,b,) € C™ two sets of
parameters, satisfying the balancing condition,

a1+ -+ am=by+---+b,. (5.3.6)
Then for two sets of variables (z1,...,Tm) and (y1,...,Yyn), we have
mn (A1,...,0n yl_blv"‘ayn_bn) — "ym(bla"'vbn xl—al,...,xm—am>
q)L (Ila-~-7xm‘ Yi,---5Yn _q)L Yis-- - Yn LlyeeoyTm ’ (537)

This identity contains, in the various limits, most of the known transformation formulas of the multiple
hypergeometric functions. For example, when n = 1 and m = 2, the identity reduces to the Frenkel-Turaev
formula [36], Section 11]. When n = m = 2, it reduces to the elliptic Bailey identity.

The proof is very beautiful, and we just show the idea of proof. Let z = (21,...,2m), w = (w1,...,wp),
and A € C. Then, by the Frobenius determinant formula, we have

(5.3.8)

D(z:w]) = det ([)\+zi+wj])M _ DY+ 3 wilA2)A(w)
i,j=1

(A[zi 4wy AL sz + wy]
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Next, we define the generating currents of the shift operators,

E(T.;u) == ﬁ(l +uT?), (5.3.9)

i=1
with T? is the shift operator in the additive notation. Then, we have the Cauchy identity,
E(T,;u)D(z;w|\) B E(Ty;u)D(z;w|\)

= 5.3.10
D(z;w|\) D(z;w|\) ( )

Next, for a = (ay, ..., ay) € N™ with |a| = M, we put
(21, oy 2m) = (1,21 + 0,21 + (a1 — 1), ... ... Ty T, 0y T+ (i, — 1)9) . (5.3.11)

We do the similar substitution for w — (y1,...,y»). Then by massaging (5.3.10]) and comparing the coefficient
of vV, we obtain [Fact 5.3.3
Application to Macdonald Functions

In the trigonometric case, which is our main target, the balancing condition can be removed. In order to
simplify the notation, we introduce the generating current of ®7""’s, and the multiplicative notation.

Definition 5.3.4. Define

mon (A1, G | b1y by _ S i gmn ALy .. Am biyi, .- bnyn

¢ (xl, T clz...,cn’“) - Z us= Mgy T1yenry T clylz...:cnyn (5.3.12)
NEZ_
with
g at, ... am|bi,...,b H i — gt H (ajxi/xj:q) (bki5 Q) (53.13)
Tlyeo s Tm [Cly-- e, Cn — X, (qzi/zj; ) (ckwiiq) . -

i<j T J i i/ L5 q) p; ik kvisd)p;

Note that ¢;»" is essentially same as one term in ®7"" in Definition Then, as a corollary of Fact

- we can prove the following identity. This equality was proved in [54], Just before its elliptic generalization
Fact B.3.3

Corollary 5.3.5 ([54, 55]). We have

¢mn<a1,...,am blyla“-abnyn.u)

Tiyeo oy T | CY1,...,CYp

~(ar - amby - bpu/cq) oo nm(c/bi,...,c/by|cxi/ay, ..., CTm/am. "
- (u; q) oo Lo (y1 vy Un | €T, ..., CTm a1~~~amb1--~bnu/c>.

(5.3.14)

In the main proof, we would like to apply the Kajihara-Noumi identity to the bispectral Macdonald
functions with some variables specialized. For that purpose, we prepare the following notation.

Definition 5.3.6. For non-negative integers n, m and pp = (ft;)1<i<m € Z™, we introduce

m n+k s
n 545 tq " Snyj/Sntis ;
N (81, S H ( (s /1853 @), )“k> 11 (q " S S s (5.3.15)

i=1 qsn-l-k/sw )Mk (q_’” Sn-i-j/sn-&-i; q)uj

1<i<j<m

By using Fact5.3.3, we can show the following formula which expands the Macdonald function f8'+m (x|s|q,t)
with respect to its ”sub”-Macdonald functions f8'm.
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Proposition 5.3.7. Let s; (i = 1,...,n +m) be generic complex parameters and |t| > |q|~"=2). We
put x; = 2t~ fori=1,...,n and Tpip = yp fork=1,...,m. Then
m
(@y/1" %3 @)oo g1
cf8tntm(zy, .. S1y...,8 q,t
o tyk/:c q) ( n+m| n+m‘ )

:ﬁ (4/t @)oo I (955/t5i; @)ox (5.3.16)

@/t @)oo | jic, (455/5550)00

=l

m
X Z NZ’m(Sl,...,sn_,_m)fQIM(yl,...,ym|q“13n+1,... "™ S$p+mla, t) H (tyg/x)H*
HELT, k=1

The proof is presented in Section In particular, if m = 0, this proposition is nothing but the special-
ization formula Fact ET.14

Again let us remark that throughout this chapter, s; are treated as generic parameters with s; # 0 and
si £ qt"?sj (1 € Z, 7o = 0,£1, Vi, j).

5.4 Proof of Main Theorem

The proof consists of three steps.

Step 1. Specialize the spectral parameters as

Vi — t"iui, for Vn; € Zzgo\i) . (541)

(X are the Young diagrams in the bra vector.) Under this specialization, the operator V(Z ;x)

has the drastically simplified realization V(™ (z). Then the matrix elements of V(™ (z) become
the bispectral Macdonald functions.

Step 2. Apply the Kajihara-Noumi transformation formula to the bispectral Macdonald functions, and
we obtain the Nekrasov factors with the variables specialized.

Step 3. Use the identity theorem for the holomorphic functions.

Step 1.

Firstly, we give a realization of V(z) in the case v = t™ - u. The strategy is to specialize the variables in the
operator V(™) (1, ... ;Z|n|) (defined in Definition 4.2.20) as

z; — tm i (5.4.2)

Under this specialization, the resulted operator satisfies the relation (5.1.1) with v = ¢™ - u (See Proposition

[5.4.7 below).

However, it is non-trivial that we can actually take the limit (| in the operator. In order to confirm
this is a well-defined limit, we first show the analytic property of the matrlx elements of V(™) (z,, .. S T|p|) @S
the rational function with respect to (z1,...,2|p).

The following theorem achieves our purpose.

Theorem 5.4.1. The operator V™ (z1,...,2,)) is well-defined on 7r|n|( In |( 0)) with mo = [t71|, in the
sense that its matrixz elements are the holomorphic functions there.

Before the proof, we prepare the following lemma.
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Lemma 5.4.2. Letu=1t"" v, w=1t"-u and n; > L(A\D) (¥i). Then

x> (PA| V™ (;’i T, ,$|n|)V(m) (:f, SIS 7y|m|) 10) = Ra(v) fOini+imi((x,y)|slg, q/t)  (5.4.3)

under the identification

Sia, = OF 7y 1<k<n,i=1,..,N), (5.4.4)
Sl tfikm =t " Py (1<k<m;i=1,...,N). (5.4.5)

This lemma is the corollary of Theorem by noting the normalization of the screened vertex operators

(Remark 4.2.17)).

Proof of Theorem|5.4.1].
First, by Fact [4.1.13) the LHS of 1' is a holomorphic function on Ul:"lﬂml(ro). Recall the notation in
Section Through the pull-back 7}, .. . it is the holomorphic function in -t (Uln\+|m| (ro)). Thus,

" || +|m |\ 2
once we fix y € (C*)I™l such that |y;/y:| <)~ (1 <i < j < |m]), it can be regarded a holomorphic function

of z € %‘:lll yl(Uln‘(ro)), where

7k (UM (o)) o= {(21, .y 2pmy) € (CHM] |z /2| < ] QA <i<j < |nl), |y1/Tm| <70}.  (5.4.6)

T
In],y1
Then, by multiplying both sides of 1) by y‘“fgllm\ (y|slg, ¢/t) and taking the constant term in y, we

complete the proof. O
Now we can safely take the limit (5.4.2)), and define the specialized operators.

v

Definition 5.4.3. Let [t| > |q|~"2). Define V(™ (z) = V(™) (u ;x) tFu = Fp withu=t"" v by

17 n . tl‘ xi;q o0 n —
VW(z)= lim 11 (2/265 @)ooy UCIAE Y N € (5.4.7)

z; —tInl—ig 1<i<i<[n] (q%/mu q)oo

where

T 1—r)ny2r NV

n>0 =L — i) i=1

Remark 5.4.4. Note that Zil v(i’l)”ag) is the boson corresponding to the Cartan part AN (yF(2)).

Proposition 5.4.5. v® (z) is well-defined on C*, i.e., its arbitrary matriz elements are holomorphic func-
tions there.

Before the proof, we prepare the following fact. This fact tells us the duality of the Macdonald functions
under exchanging ¢ and q/t. Also recall the bispectral Macdonald functions ¢9' in the previous chapter.

Fact 5.4.6 ([86]). The formal series ' (x|s|q,t) with the leading coefficient 1 satisfies the symmetry relation

o (@lslgt) = ] 2/ Doe | ot (51, g/t) (5.4.9)

1<i<j<n (qzj/tzi;q)oo

Proof. For the proof, we only have to note

DT(lk)(s;q’t) H M — H MDSC)(&Q,Q/Q. (5’4.10)

(qzj/txii @)oo (qzj/txii @)oo

1<i<j<n 1<i<j<n
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Proof of Proposition|5.4.5. We introduce the following product of currents,
N
= Z — (q/t)")t*" Z (i=D)n (i) ,.—n
A(T) (xl, R H exp <n>0 w £ Y a,, .Tk . (5411)

We have the following equality.

11 (tzj/Tisq)os 11 (ty;/yis @)oo

(qzj/txi; q) oo (qyj/tyi; @)oo

1<i<j<|n| 1<i<j<|m|
MPAVO (@) AL (2 )V (;f, ST ,y|m|) 0) (5.4.12)
1 /21 @)oo
=] mlrsOe ) fstesim (o, y)lsle a/t) = Raw) o ()8l ).

1<i<j<|n|+|m| (g7 /t2i5q) 0

Here, for simplicity, we set |, |4; = ¥;, and used Fact [5.4.6} and Lemma
Then, by the same argument as the proof of Theorem we can show the matrix elements of

12 /x5 q) oo
I1 M.V( ™) (21, . .. 55‘”‘)14(‘ NCIy
1<i<ieim (@53t @)oo

|n|—2 ~
are the holomorphic functions on I(Ulnl(ro)) with 7o = |g/t|™~T. In this case, y—*f%imi(y|s|q,t) is
multiplied before the integration in y. Under the assumption |t| > |g|~("=2), it is clear [t~ < 7o, and thus
we can safely take the limit ; — t™/=*z. By taking limit, we prove the claim. O

As noted, this operator V(™) (x) is a realization of V in the case v = t™ - u. This follows from the following
relation which is essentially the same as (5.1.1)).

Proposition 5.4.7. Forr=1,...,N, the v® (,Z ;x) satisfies
_ T x M (T (V. ) = r(1_ ryln| T\ () (V. (r)
(1 ¢ Z)X (2)V (u m) = (¢/%) (1 (t/q)"t Z) v (u ,x)X (). (5.4.13)

Proof. By Proposition [£.2.23] we obtain

TL

r n)(V 1_ q/t Z/t.Tk n r

1= (q/t)" (in, /T L —txe/qp 1
lft 1 tl t sKn . sK|n
ZZ” (twin,/2) |1 I —.

1—xap T — o/
i=1 k=1 1<0<ik]n K/ T e ¢/l

U[(m) (@1, 2 (2 0,) (5.4.14)

where [7[(1'72)]7; is the operator which is obtained by replacing ®(*) ([ 1],,) in V(™) with Y(’")(x[i’k]n)cl)(i) (q2(ik,),
that is,

U @) = @O (1) - @9 (@ 1y, —0)Y O (.4, 0D (g0, ) 8D (24, 01) -+ @D D (1)),
(5.4.15)

Under the principle specialization, only the term with [i, k], = 1 survives. This is because we can show

tx; i7q)oco n .
lim (/T D)oo O (@) =0 (i kln # 1) (5.4.16)
zi—tinl—ig \<i<i<n| (qzj/txi;q) oo ™
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Note that when [i, k],, = 1, the normal ordering inside ﬁl(n) cancels the vanishing factors. By the operator

product (B.1.29)), it is easy to see

r—1

A @ XD () =[] Lot/ ) A () (5.4.17)
(s) P 1—tF(q/t) z/x (s)\4)- =
Combining (5.4.14)), (5.4.16) and (5.4.17)), we obtain
~ 1—(q/t) z/ti"2 ~
(r) (n) — (n) (r)
X))V (x) T — 2/t Vim(z) X\ (z) (5.4.18)
1-—t tx; Qs ~
el m s/ [ 1937#% WJ/;C%%.UM,WM
@ —stinl—ig 1<Z]n] —xy/x1 1<i<i<in] (qz;/txi;q) oo
(5.4.19)
By multiplying the both sides by (1 — ¢lml f), we obtain the expected result,
_nl T x ) (T (VL) = r(1— riln L) gr(n) (V. ()
(1 t Z)X (2)V (ux) (a/t) (1 (t/q)"t Z)v (ux)X (2). (5.4.20)
O

Step 2.

Next, we compute the matrix elements of v () with respect to the generalized Macdonald functions. In
the end, we obtain the following result.

Proposition 5.4.8. The matriz elements

= N
(Ex|lV ™) ()| K,) N Al —lul C(N=1)|A®)]| @] _Nt1
— =((-1)"en(v)x (tqtln‘x> v; q/tu)* g NHg
T = (0 Yex)) ™ (@ 11 ((a/0u)" g g,
al NG i ® T
x JT(a/p™ =212k O T Ny oo (8750303
i=1 ij=1
(5.4.21)
Below in this step, we prove this proposition.
Proof of Proposition[5.4.8
Put s’ := (5})1<i<|m| With
I )
Siipl, = @ TRy (1<k<myi=1,...,N) (5.4.22)
and 8 = (5;)1<i<|n|+|m| be the same one given in (5.4.4), (5.4.5), i.c.,
S = 6 PR 1<k <mg,i=1,...,N), (5.4.23)
Sinl4likm =t " P, 1<k <my,i=1,...,N). (5.4.24)

We also put z|,|1; = yi. By the explicit algorithm to construct |Qx) (Theorem [5.2.1) and Lemma we
can rewrite the matrix elements as

7 1 — 1 7 7 (n m
(PAIV ™ @)1Qu) = s [57 7001 (0l 0/0) (PA V@)V 1y 0)]
w y,1
RY (v ) _ ~ i/tYi3q) oo
S IR C R
s iy tsi<isim BT
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m
(qye/t"™ a3 ¢) 0 8l 4 m)
(T )1<i slg,t . (5.4.25
1;[ (tyr/7; Q) oo g (i) 1<i<ini+imi 8¢, 1) y ( )

The next step is crucial. By taking advantage of Proposition m the Macdonald function f®ni+im| in
(5.4.25) can be transformed to the summation of its ”sub”-Macdonald functions f8'mI as

61 - () T (4/t9)m (g5j/ts:;Q)00 1 N
(u) I;I (a/t": 4)ox 1<i£[<|n| (q55/534)oc ””(’ilzt.zl_‘i)w

~ |m|
x ) N'y""'m'(81,---,sn+|m|)ly‘“f9[""(yS’Iq,q/t)fg[’“'(yl(qwsmHi)lq,Q/t)H(tyk/w)”k] -
y,1

VEZ‘;S‘ k=1

Fact is also used through the computation. Note that since $n|4[ir],, = tl=ni=ky;, NIV""lm‘ =0if v
cannot be regarded as an N-tuple of partitions. By virtue of Lemma and

N
2 — g AlInl=D)IA] wawwn Sz (5.4.27)

z;—tinl—ig .
=1

it is shown that

(PAIV ™ (2)[Q,) =M~ I1l¢lul+(nl - W'Ht A AD i1

=1

il (5.4.28)
R3 (v) (2/t;0) (g5 /t5i;Q)00 (Il lml
x H i ' = N (S S|l ml) 5
RT(U) i=1 (9/1"; )0 1<i<j<|n| (qu/sia q)oo (k]
where we use the notation
N
)™ = (B a<ispm = s m) o) ut™ ). (5.4.29)

By massaging ([5.4.28]), we obtain the matrix elements with respect to the integral forms of the generalized
Macdonald functions,

<KA|‘~/( (@) Ky) _ H u() B PR 1)|A|Ht RO AD | 7
(0] V() [0) i1 Cu) P (5.4.30)
R"( ) (gs;/tsi; )[)\]7‘_[)\]" Il m ‘(S . )
Rm( W) i (050565 Dinp-ap [uJ \5Lse s Sinf4|m]) -
Here for the simplicity of notation, we put
A A® L1,
(g5 /tsi; ) np -7 71]-V[ (¢" ATV BNCING:
o (k) _ (k) iy
1<i<j<|n| (qu/sza ) A7 — [)\]n =1 1<i< j<ny (q)xj —-X; +1t J+l;q)7)\(]c)+)\(_k)
ADAF 411 (5.4.31)

(g™ v/ vk; Q),Agwﬂgk)

. H

1<k<I<N 1
1

(1) _ (k) L
PN st g g)

<i<ny, EROIRG)
<j<n AN

Finally, we have to show that the expression (5.4.30) coincides with the Nekrasov factors. The following
proposition achieves this goal.
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Proposition 5.4.9. We have

RY
R;N‘[Z]l (51, Sinr4im)

H (gs5/tsi) Al —[A],

i< (05975

— 1)l (Unln) AO L= (N =)t ns (XD = 1nD1) 25y ne g 2nA )+

::12

z=1

N @111, o) oy ((Far \ N )11, @
)\ I i me G i

s« T Y DN 1 =21 o ><f_) T (osfuy) 1

=1 A 1<i<j<N

N N v

I [T =1 Nao o (E903/v;)

C

i )\(L)CH(Z) H1<z<g<N N)\(J))\(ﬂ (qvj/tvl)nl<z<j<N NH(’)#(J)( (ARLTRR TP /tvj)

(5.4.32)

X

The proof is by direct computation using recursion relations, and we omit it because it is tedious and not
essential. In a word, the recursion relations with respect to the length of the partitions, coincide on both sides.
For the detail, see [35].

With the help of this proposition, we complete the proof of Proposition O

Step 3.

Now we finalize the main proof. First, we note the difference between (5.1.1) and (5.4.13) can be modified
once we make the transformation

Note that this transformation also cures the difference of the normalization constant (4.2.48[). Then we can see

that the equation (|5.4.21]) shows Theorem in the case v = t™ - u. Because the equation ([5.4.21)) holds for

arbitrary n; > £(A¥)), the identity theorem, (which says the two rational functions which agree at infinitely
many points are identical on the whole complex space,) guarantees the main theorem.

Remark 5.4.10. One may think we have to show that the matriz elements are rational functions. This is
trivial from the definition of the Mukadé operator (Definition , because once we fix A and w, the matrix
elements are the finite product of factors like (1 — ex/z).

Let us refine this statement. If X # (0, ...,0), let j = min{i|A() # (}. The defining relation of V(z) gives

Xg?),lV(w) ' Xu> (5.4.34)

--------------

() j (9)
+ <X((2J,...,(/\§j),/\gﬂ,...),A(j+1>,...,,\<N)) V(w) (XAJ(n (q/t)JwX)\]ng) ‘XI(LI)>’

The first term in RHS can be rewritten by the matrix elements (X, |V(w)|X,,) with the condition |v| = |A|—1
(particularly, in the case )\gj ) 1< )\(QJ )), and the second term can be expanded by vectors |X,) of level
lpl = |u| — )\gj) or |pu| — )\gj) + 1. When XA = (0,...,0), we can move the negative modes x® (which

—n’
annihilate the bra vacuum ) to the left side of V(w) by the defining relation, and as a result, it makes the
size of Young diagrams in the bra state smaller. Therefore, starting from the case where all Young diagrams
are empty, the matrix elements (X, |V(w)|X,) can be inductively and uniquely determined. Because this
procedure to compute some specific matrix element is achieved by the finite number of iterations, we can show

that the matrix elements are the rational functions.
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Appendix 5.A Idea of Another Proof for N =1 Case

In this section, we give the sketch of another proof of for N =1 case. Let us again see the
main claim for N =1, _
(Pa| V(u,v;2) |P,) = Na(qu/tu), (5.A.1)
with
(—tuz/q)N g
(tz/q)l*l cxen
Note that when N = 1, the Mukadé operator becomes (up to the extra G-factor)

V(u,v;z) = exp (— Z il—l(t_u/qv)"anzn> exp (Z ;Wanz_"> . (5.A.3)

qn n 1_q

K/}W(qv/tu) =

"Ny (qu/tu). (5.A.2)

When N = 1, we know the Pieri rules (Fact 3.1.16)), and thus we can add some boxes (a vertical or
horizontal strip) in the ket state, and move it to the bra state. Then, this erases the strip from the ket state.
Using this fact, we can give another proof of the claim by the induction on v, the partition in the ket state.

Let us see more in detail. As we learned in Chapter we have the generating current of g,, (Definition 3.2.5)),
o(w) = exp ( — a_nw”> . (5.A.4)

Then, by taking normal ordering, we have the following identity

exp (Z 11‘(”/“l_”<w/z>”> (PAlp(w)V(,032) [Py} = (P V(w03 2)p(w) |B) | (5.A.5)

—n 1—gq

and when we take the coefficient of w', we have

1— 1
Y BV B+ Y ewani (Pral Vs 2) B
q iER(N) (5.A.6)
5™ Guvige (PAlV(w,0;2) [P -

1€A(V)

Note that we use the Pieri rule and its dual. Though we also have to take the coefficients of w"
for the general n, to simplify the discussion, we concentrate on the equation above. The discussion in general
n goes in the similar way.

Then, we fix A and v, and assume the main claim holds for arbitrary partition in the bra state
(respectively in the ket state) which has the smaller (or equal) number of boxes than A (resp. v). Then, by
dividing both sides by NA,V(qv/tu), the LHS of can be written as

1—v~ Ny_; s(qu/tu
101 + Z Ox/A— g (qv/ )- (5.A.7)
-7 i€ER(N) Naw(qu/tu)
Then, if the RHS agrees with
N)\ v+i(gqU tu
Z Povti/v == +( / )7 (5A8)
i€A(V) Nxwv(qu/tu)

by induction, we prove the main claimEI
We can show this actually holds.

1 Again, note that we have only the condition for one linear combination of the Nekrasov factors, and for the complete proof,
we also need the other equations which are obtained from (5.A.5) by taking the coefficients of w™ for the general n, though we
omit them here.
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Proposition 5.A.1.

1—v" N)\ i,v\qU tu JA\})\»V ilqu tu
1_g-1 + Z PA A==, ( / ) = Z (Pu—&-i/u#/) . (5A9)
T7F iRy Naovlgo/tu) 50 Nao(qo/tu)

The proof is done by using Let us see how to apply the identity to this situation. For
convenience, we introduce the notation, for z = (i,5) € A\, x» = ¢ 1t*~1. We also use the additive and
multiplicative notations interchangeably. Then, the following identification of parameters allows us to apply
the Kajihara-Noumi identity [Fact 5.3.3|to (5.A.8).

6—0,
= |A(W)],
n=[A\),
L=1,
Ti > UXe, (x€AW)),
zj—a; <« vixy/q, (y€RW)), (5.A.10)

e = q/utxy, (y€R(A),

Yo —be = 1/uxy, (y€AN),

T; — a; — o,

[Ti +yaoy]  w
(+— means we interpret the additive symbols as the multiplicative ones.) Note that because we take the
limit § — oo, both sides diverges because of the factor 1/[d]. Thus, we first multiply [0] to both sides and take
the limit. As we can see from the identification of parameters above, one of a;’s and one of b;’s go to infinity.
Then, the balancing condition holds as the both sides go to infinity.
As mentioned above, instead of inserting g1, we can insert gy, and then the similar equality holds by the

Kajihara-Noumi identity for ®7".

Appendix 5.B Proof of Propositions

5.B.1 Proof of Proposition

We prepare two lemmas. They transform the LHS of ([5.3.16)) to the form to which we can apply the Euler
transformation formula for the multiple trigonometric basic hypergeometric series. The proofs of these lemmas
are by direct calculation, though a little tedious.

Lemma 5.B.1. Let 0 = (0)1<k<m—1 € Z™ ' and 0 = (0;)1<i<ntm—-1 € Z"+m L. Let h be the parameter,
satisfying " t"2h £ 1 (Vr1,r9 € Z). Under the change of variables pr, = o, — 9n+k, we can show

qq9" "7 si/lq" 7 si5q 1, - _
H ((QQOJ‘SJ-//Q91'S.1- (I))Oo “dptm (05 slq, t)NG™ 1(‘] Ms1,..0q 9n+m_13n+m—1)
1<i<j<n J v /e
qSJ/tSl, o] H i0; no; n,m—1 (5 B 1)
H @it H ¢%t7% . lim Np (h; 81,y Sntm—1) B
1<i<j<n (qu/szv oo i1 h—1
X¢n+m71,m( tfl’ : ¢ qq’”snﬂ/t,-~-,qqp’"—1sn+m_1/t,t8n+m>
0 hs] h8n+m 1 49 Sn+1 5+ 4¢P Sntm—1 ,qSntm )’
where

m n+ —_ s
~ o m Sntk/18i5q tq " Sntj/Sn+is @),
N (1, sem) = [ (H M) I (ta " 5ns/ S5m0y (5.8.2)

(Rgsntk/35 D ) ijom @ Snvi/Sntis D,
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Proof. As noted, the proof is by brute-force computation. We have

—9. - 1
H (g% qs;j/tsi; @), _ H ¢"is;t —q% s; (tsi/s5; )0, p—r (g8 /ts:39)0, -0, (5.B.3)
1<i<j<n+m (qferg/Sz,Q)el 1<i<j<ntm Si_l — Sj_l (qsl/squ)GJ (qu/Si;q)giiej
and
I1 (99" s;/ta” " si30)00 _ 11 (g5;/t5i3@)o0 (455/5i5@)0, -0, (5.B.4)
L<icien (00708507 85 0)00 | 0 (a85/565 @)oo (455/1555 @)oo,
Combining (5.B.3)) and - we have
(' fS*/tq‘eiswq) (gsj/tsi;9) bmetaf bt st |ts
[ Grmairmssgn wen@olen= 1 Gas o (o i)
1<i<j<n q9 /4 i7d)oc0 1<i<j<n 4S5/ 38i;4)co 1 > » On+m—1

n+m—1 n+m—175—1

x it M ,
11 II 117

j=nt1 i=1 qu/S“ q)e; —0;
(5.B.5)
It is also easy computation to show

-1 +]<; _ —0.
TT 17 @4 snsn/ta % si30)o, (5.B.6)

k=1 i=1 (9q= 0% S /4% 5i50) o

1 k
T (40P snan /s Qo (@Snak/tsi Q) pn (@Snsk/Si30)0i—0,r

= lim
h—1 H 11_[ (hqqP*snyk/si30)0, (hqSnik/545 Q) o (@Sntk/t5i50)0,-6, .,

and
I (tq= 7k q "+ 8010 /q "+ S0k Q)
LnciZmoy @70 S /g0 Sk )
_ H (tq:pk5n+l/5n+k;Q)pz (99”* Spyre /tSnt134) 0,04 o fOnst (5B.7)
1<k<l<m—1 (q Pl 5n+l/5n+k§ q)Pz (qpk Sn+k/5n+l; Q)9n+l
Combining (5.B.5)), (5.B.6)) and (5.B.7)), we obtain the claim. O]

Note that A is the parameter which goes to 1 in the main proof. The necessity of the introduction of such
parameter is to avoid some divergence. See the remark below.

Remark 5.B.2. If pp < 0 and px + O0pyr > 0 for some k, then N;“m_l s 0 and (;52“”71’7" diverges when
h — 1. Because must converge as a result. we inserted the parameter h. For the detail of this
convergence, see the main proof of [Proposition 5.53.7.

We prepare one more lemma.

Lemma 5.B.3. Let p = (pr)1<k<m—1 € Z™ 1 and v = (Vk)1<k<m € ZZ%,. Then

lim N” sy, Spam1)

h—1

y ¢m,n+m71( t ..., t, q/t |hq/ts1 ,...,hq/tanrm,l)

v 4" Snt1 s QP Snpm—1 Snbm | hq/s1 5. MG/ Snimo1
= NI (515 Sngm) X dm((0:); (6" snvi)lgs 1) (5.B.8)
under the identification of running variables

pk:uk—ﬁk (k:l,...,m—l), (5B9)
Z/k:tgk (k’:l,...,m—l), (5B10)
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Proof. First, put

m—1

A= H q’/k+pk Sn+k — qymsn-i-m
qplC Sn+k — Sn+k

7q O (qq ”k+umsn+m/5n+k7 q Mk3n+m/5n+k7 Q)

k=1
—1 —
% g (t; Q)uk (qqﬁk 5n+k/t3n+m; Q)uk (tq P 3n+m/5n+k; Q)um (5 B 12)
i (@D (9978 Snak/Snami Do (90775 Sntm/Sntki D
Vk+pPk _ qvitpo tqPk—PL .
B _ q Sn+k q Sn+l . H ( q - 8n+k/sn+laq)uk (5B13)
t<kimet  CSnk = P Snet g (@0 TP Sk /St D
m—1n+m-—1
hagaP* t iq
C = H H ( qq sn+k/ Sis )1/ , (5B14)
k=1 i=1 (hqqpksn-‘rk/szy )Vk
+m—1
D= (Q/t; Q)Vm " ﬁ (hq57z+7rz/t5'i; Q)ym (5 B 15)
G Do ASntm/ 55 Qv
@D L Cgspim/sig)
to simplify the notation as ¢*"+*™~1 = A. B.C - D. First, we have a look at
m— : —pkFpm m- :
H q/t Gk ’ (tq HETHm g +m/5n+ka H q “ksn-‘rm/sn-i-k’q)ltm ) (5B16)

k=1
We can see the first part in (5.B.16]) is equal to the factors in d,,((6;); (¢" Sn+i)|q,t), i.e., the factors in the
first product in (4.1.8). Next, we can show

lim N" M sy, Spamo1) - C = NZ’m_l(sl, cey Sntm—1) - E, (5.B.17)
h—1

where FE is defined by

= H 0% (tq_uk—‘rmsn-l-l/sn-&—k; Q)Gk—ez (5 B 18)
<k i<mo1 (g Hetris, 1 /St ks @)o,—o,

Note some factors in d,, ((6;); (¢"sn+i)|g, t) are remaining, and these factors can be reproduced by the product
BE as follows:

tg—Hretm n ekl Pkt —0; n ts,
B.E— H (tq Sn+1/Sn+k; @)o, (99 Sntt/ESn+k; Q)ox (5.B.19)

r<icyem A4 S [Snks Do, (@7 NSy Sk Qo
This corresponds to the second part in 1’ Now, what are left are the product of Nz’m’l, D and the
remaining factors (the factors in the second product) in (5.B.16). They can be simplified, and we obtain the
claim as follows:

m—

q Tk Sn+m/5n+k7 )
Ny Ysy,....s Bmo lim D = N (sq1,...,s . 5.B.20
( ! me 1 1;[1 q #kSn—&-m/Sn—&-kv Q) m el a ( ! ner) ( )

O

Proof of [Proposition 5.3.7|

Now, we prove Proposition by using these lemmas and the Kajihara-Noumi transformation formula.
The proof is done by induction on m. If m = 0, (5.3.16) follows from Fact 4.1.14] Roughly speaking, in
f8'n+m in the LHS of (5.3.16)) , we have the summation over n + m — l-variables associated with the variable
Zptm. On the other hand, in the RHS of (5.3.16)), we only have the summation over m — 1-variables in f9'm.
There is no choice but the Kajihara-Noumi identity for the formula which is applicable to such situation.
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Assuming the claim holds for m — 1, it can be shown that the LHS of (5.3.16) is

n+m—1

S Py 6 sty [T (e

oez s (t0m [ @)oo =t

(qye/t"T o0 o1 —0 O
X |I ntm—1 _ ! ntm-—1 _ t
tyk;/x q) f (x17 y Ln+m 1|q S1, » 4 Sn+m 1|Qa )

_ (q/t; q (qym /"3 4) o0 (997 %55 /tq %543 q) o0 (5.B.21)
= > H - [[ WS/ Bileey (9 slg,0)

96Z7L+m 14=1 Q/t (tym/x q) 1<i<j<n (qq Jsj/q 182',(])00

JGZT 1

m—
X NPT g1, g s ) PO ()| (07 g " ) g ) H (tyx /)7

Thanks to the contribution of the factor HZ:ll 1/(¢;q)o, in N»™~1 we can extend the range which 6 and o
ran over to

0ezZi™t, oeZ™ (5.B.22)

)

because for o € Zg, this factor becomes zero. Under this range, by applying Lemma [5.B.1] we can rewrite

(5.B.21)) as

. t m /" $5/184;q) o
hmZH/q (qym /1" ;3 q) oo (gs;/tsi;q)

WL et i (q/t"5q (tym /T3 @)oo |3 (455515 0)
pEZm 1
_ m—1
X NP (R sy, Sngme1) fO = (] (07 Snti) g, 1) H (tyw/x)"*
k=1
TH‘m—lam( t,1 ’e t qqplsn+1/ta-~-7qqpm715n+mfl/t »tSner)
0 hsy . hsn+m 1l aq” sne1 ooty Q@7 Sim—1 5 @Sntm
n+m—1
< ] (qym/ta)". (5.B.23)
i=1

By using the Kajihara-Noumi identity for the trigonometric multiple hypergeometric series (Fact , the

term (5.B.23)) can be written as

. (9/t;9) oo (q55/tsi5q) 0
i 2 H @/t 9)o0 11 (455/5639) o0

very, i=1 1<i<j<n
pEZm 1
_ m—1
X NZ’m_l(h; S5y Sngm—1)Pm—1(Y; (¢7 Sn+4)|q, t) H (tyr/x)P*
k=1
y ¢m,n+m71( t ., t, q/t |hq/ts1 ,...,hq/tanrm,l)
v 4P Snt1 s QP Snpm—1 Snbm | hq/s1 5. MG/ Snimo1
< T (tym /)" (5.B.24)
k=1
Finally, Lemma m shows that (5.B.24) is equal to
ﬁ ¢/t @) (g5 /t5i; @)oo (5.B.25)
i1 (/15000 | 5 (955/5i50)00
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m

S R PP - YOSN FZP SRR PR § [t 108
(pi)eytezm=? k=1
Hm >0

Note that the summation is restricted to pu € Z%, by the contribution of the factor in N}, Thus we complete
the proof. a O

5.B.2 Proof of Proposition [5.1.9

As noted, the proof is by direct computation. First, we give the proof for XM (z). For X*)(z) with k > 1,
the proof goes completely in parallel to that of k = 1 case.

k=1 case We first introduce the new notation which we use only in this appendix. We write the operator
TV (u,v;w) as

TVwvw)= 3 G Bylwn)Bhn () @ : By (wa) B (w))
p(D), L p(N=1)
R X (/ﬁl,(me(wN)(/I\)a(w?V) :
=: Z T (u,v;w), (5.B.26)

p() L (N=1)

with

A (5.B.27)
X f(u(ifl),ui,wi,O) f*(l/(i),wg,vh()) N, -1y, () (wz/’yw;)/ (0] Tv(u,v;w) |0) .

Note that the factor C, is the products of the coefficients of the intertwiners and the factors appearing from
the normal orderings. Here, we put v(*) = (™) = ) for convenience. In the following, we omit the parameters
wu,v in TV (u,v;w) unless there are any confusion.

As a preparation, we first compute the commutation relations between AU) j = 1,..., N and TV (w).
Putting z; = ~v3=1%, we have

1 — z/v%w,

(wj/ywy) v AV (2) T (w) 7 (w) u AV (2)

1—z/un
= —uj (delta functions from A(V(jfl)))

HIGR(VU*U) 1 — ywjxy/wjXa HxEA(u(j)) 1= Xy/7*Xa
erA(l,u—m) 1- w}Xy/’YU/ij HmeR(y<J‘>)7x¢y 1= Xy/Xa

— uj Z d(vzj/wixy) Cu

yER(WW))
X @ U(W_lw;Xy)‘i)uUfl)@l*,u) g i\)u(j)(/ﬁZ(j+1) Q-
= —u, (delta functions from A(l/(j_l))) (5.B.28)

[Lcrwo-ny1 = 7ixy/wixe Tlocawony ! = Xu/7?Xa
HzeA(uwn) 1 — wiXy/YWjXa HIER(VU)),I;éy 1= Xy/Xa

—uj Z 8(vzj/wixy) Cu

yeR(v())

X Q@ @7(771/2103961/)‘1)11(1—1) (wj)q’;(.f)_y(w;) 1@ @) (wip1) P (W) T @
Note that the following identity of the operators is crucial in the computation:

n(y M) = (VP (w) - (5.B.29)
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Now, for vU) # (), fix a y € R(vY)) and take a look at the corresponding term in the equation above.
Then, we put v\7) —y as 70, and rewrite the term using 7(7). In the end, we obtain the following equality:
[Lcrwo-vy 1 = vixy/wixe locapony ! = Xu/7Xa
erA(mrl)) 1- w}Xy/’ijXm HageR(m)),x;ey 1—Xy/Xa
Wixy) By ()R], (1)) 2 © By (W) By (W) £ @

[locrwon 1 =7 xu/Xe Tloeapony 1 — wWiriXy/ W41 Xa
) [icawoyary 1 = Xo/Xa [loer@urn) 1T = YW0j41Xy /W1 X
® @_(’7_1/2w9Xy)‘f’uu—1>(wj)q’,,<a>( DECE ‘I’V<J>+y(wy+1)q’,,<j+1)(w}+1) PR (5.B.30)

ujd(yzj/wixy) Cu

@ (2

= u;j416(v25 /wixy) C(. o,

When we note that in the end, we take summation over v, this term is canceled by the term appearing from
the commutation relation between AU+Y) and 7. (w) with v0)" = 7U). This situation is summarized in the
following identity:

, ; 1—z/7%w
(w1 /705 ) 1561V ) T () = Y () w340 A0 )

= —ujq1 (delta functions from R(V(jﬂ)/))

IIxGR v@'y LT y/ Xz IIzGA v+ LT WiH1Xy ;’+1 T
u Yoz /winxy) wory L= XX o) L2 Wi /101X
— Uj+1 i+1/Wj+1

’ JEAGH) ! ! Y HmeA(y<j>/)7x¢y 1= Xy/Xa erR(y(j+l)’) 1- 'ij+1Xy/w;'+1Xm

@ (Y w4 xy) By (W) BTy (W) £ @ By (W) Py (Whyy) s @+ (5.B.31)

This cancellation mechanism deletes almost all the terms which appear in the commutation relations. While
summing up for j from 1 to N, the term which is not cancelled by this mechanism exists at A(v(?)) = A(0).
This term proportional to the delta function at z;/z, vanishes when we multiply both sides by 1—w;/z. Thus
we obtain the main claim of Proposition for the k = 1 case.

k > 1 case We use the following simplified notation,
AL i) () = A () AGR) (420K 5) (5.B.32)
The commutation relations between A1) (z) and T, (w) schematically lead to the following form:

1—z/v**w i1
1 —/J/uq =T (w) wiy - A (2)

—Uj, + - Ui, (delta functions from A(v(1~1), R(v(1)), A(p(2=1)), R(1(2)),
- A1) and R(u(i’“))) (5.B.33)

The delta functions related to R(v(%)) (for j = 1,..., k) cancel those related to A(r()) (recall these terms
appear in the commutation relations between Al%+1%)(2) and T, (w)). This sequence of the cancellation
begins when i; = i;_; + 1 and terminates when i; = 4;,1 — 1, because in those cases, the poles and zeros
related to v(%) cancel each other, and no delta functions related to them appear.

As a result, the only delta function related to A(v(?)) survives this cancellation. Again, it vanishes when
we multiply 1 —w, /2 , and we complete the proof of the expected commutation relation between X *)(z) and

TV (w).



Chapter 6

Macdonald Functions Revisited

Now we revisit the bispectral Macdonald functions.

Recalling [Proposition 5.1.9|and the proof of TV and ®*) satisfy almost the same commu-
tation relation with X (9. From this observation, we expect we can construct the Macdonald functions f8'~
by gluing 7"’s. This expectation turns out to be true with some slight tuning of parameters.

The most difficulty is that inside 7" there is the summation over N — 1 partitions, while f8'~ is expressed
as the summation over N(N — 1)/2 non-negative integers. There is a mismatch between the numbers of
summations.

To cure this mismatch, we tune the spectral parameters in 7" to reduce the summation over the partitions
to that over some integers. After this kind of tuning, by composing N such operators and taking its vacuum
expectation value, we obtain f8'. This is summarized in

Note that in particular, Ny ,(t) # 0 if and only if y = (m) for some m € Z>,.

6.1 Bispectral Macdonald Functions from Topological Vertex

In order to get rid of the extra G-factors, we set

N
TV (u,v;w) H (up/yor) - TV (u, v;w), (6.1.1)
k=1
where TV is defined in [Definition 5.1.8]
Now we tune the spectral parameters.
Definition 6.1.1.
Ti(w) :=T" (v, u;7) : (6.1.2)
vk—>’y’1t75k«iuk
(1<k<N)

Note that the overall factor (the products of G-factors) goes to zero under the specialization, though the
operator 7~§(m)’s are well-defined. This is because the zeros are cancelled by the divergence from the G-factors
appearing from the normal orderings among ®’s and ®*’s in TV

To see under these tuning of parameters, the summation under partitions actually reduces, we prepare the
following notation and lemma.

Notation 6.1.2. For a partitions A and non-negative integers r,s € Z>qo, we denote by B, s(\) the partition
obtained by removing s-rows and r-columns from the top left of the original partition, that is,

Brs(A) i= (P(Asyi = 7)1, P(n) = {g’ :i(())’ (6.1.3)

101
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For example, if A = (5,5,4,4,4,1,1), then B2 1(\) = (3,2,2,2).
Lemma 6.1.3. Form >0 and n <0, we have
Napu(gt™) #0 <= puDB_,m(N). (6.1.4)
Form < —1 and n > 1, we have
Nau(@t™) #0 <= ADBp_1_mo1(p). (6.1.5)

By the formula (B.1.33)) and Lemma we can show the Young diagrams associated with the glued
vertices, are restricted to one row as (Fig. [6.1). That is, we have the following lemma.

Lemma 6.1.4. We have

i1 on((1™k)) mr
=~ —my_ q qUr41 _
Tilz) = 3 i [T 5 ( ) Fome)

0<m1<mao<---<m;_1 <0 k=1 C(mk)c(mk) Uk
1—1
X Nome ) ) TT Nomg ), 6mi0 (1)
k=1
X <I><m1>(v L)) (x) : ®®;c 9 mw( ) gy (v )
@ D5 (v ) B, () @@y B (T ) B (v ) (6.1.6)

where we put mg = 0. Here, ® is introduced in Notation .

Nota bene! The operators ®*)(z) (k= 0,..., N — 1) in this chapter slightly differ from those in Section
In this chapter, ®*)(z) is a map Fy—sps1.q — Fu With w = (v Yug, ...,y ).

Remark 6.1.5. We have Ty (z) = ®© (¢t 1z).
; 0
0 0
0

mi_q

P

m;_o

Figure 6.1: The operator 7;(z). (= stands for a simplification of the diagram for convenience)
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Now by gluing these operators, we obtain the expression of Macdonald functions. The following proposition
says the vacuum expectation value of Fig. m gives f9'~.

0 0 0 0
SRR B I Y

[T T——TT] 0 0 0

Or—10 0 0 0
—— e s e e ’LL3

0 r—n 0 0
1 ... Ug

=0 =0 =0 0
1 ... uy

xz\v; x3(/) 562(/) x?

Figure 6.2: The diagram for the Macdonald function f®'~ (x;u|q,q/t).

Proposition 6.1.6. The vacuum expectation value of the composition of ﬁ(zz) ’s gives the Macdonald
function, that is,

O Fi(ws o) Taw2) - Tuwlow) 0y =[] L4690 g (gnjg qry.  (607)

1<i<j<N (Uj/ui;Q)oo

Proof. The basic idea of the proof is the same as that of |Theorem 4.2.21] That is, we insert X(()l) in the most

left, bring it to the most right, and then confirm the resulting operator is the Macdonald difference operator.
Thus, we only need to compute the commutation relation among X (2) and @) (2)’s.

The operators </Is(m) (z) and &)Z‘m)(z) can be formally decomposed as

~

Dy (2) = Byt 2)A(g™2) 1, B, (2) =t Bt 12) AT (q™2) -, (6.1.8)

(recall Figure where

n>0 n>0
z ex E Y A_nZ X — E Y QnZ . P N
p = n(]. yn) n p = n(]. 2—n> mn

Then, A(z) and A*(z) agrees with the screening current (Definition [4.3.1)):
A*(2) @ A(z) = ¢*(y 1t 12). (6.1.11)

Thus, we have
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i-1
~ t:q) oo
ﬁ(u;x):((%.;};}) ) (6.1.12)
i—1
X Z ®O (¢ 12) SV (gmrg) ... SO (gmi-1g) H(uk+1/uk)mk'
0<m1<ma<---<m;_1 <00 k=1

Here, we use the screening currents of the different normalization,
S (z) = ) (4 =2kp=12) (6.1.13)

Same as the proof of Proposition m XM (z) commutes with S®) (w) up to g-difference:

~ —2k ~
[X“)(z), S (w)] = (t — 1) (ups1 Tyw — i) (5 <7w) : AR (4= 2k /g) SR (1) ;> . (6.1.14)
qz
By the normal ordering, we also have
SE=D()A® (=25 /q) = O (171 2) AW (v 22 /¢) = 0. (6.1.15)

Then it is easy to show that

O (t1g) - [Xél), > S (gma) (s /ul)m] =0, (6.1.16)
m=0
SE=D(g) . [Xglk > SW (g™ a) (wps /uk)m] =0 (k>2). (6.1.17)
m=0
Combining all above, we obtain
XD ()T (w;w) — v%ﬁ(u; W)XV (2) = uy(1 — T (w; qu) U (1 w)d(w)2) . (6.1.18)
Finally, with this relation, we get
~ ~ A - qz/tx ~ ~
(O XD ()Ti(wr) - Tw(aw) [0) = vV [[ === (0| Ti(a1) -+ T (wn) XV (2) |0)
o 1 z/x)
N 1= qui/tay, Ty 1 — ta/qx
1—¢t ) 2)u; AL R b (O Ta () - T, . 11
+ =) 3 s/ [T T o O Tion) - Ttan) (00 (61.19)
Thus, the LHS of the claim can be identified with the eigenfunction of the Macdonald operator D};:
Di(u; g, ¢/t) (0| Ti(w1) -+~ T (wn) [0) = (w1 + -+ + un) (0] Ti (1) - - T (2n) [0) - (6.1.20)
O

Remark 6.1.7. As studied in [112, /8], the diagram in Figure seems to be the puncture corresponding to
the full surface defect, that is, the defect which breaks the gauge group completely to U(1)****(%) . The moduli
space with the full surface defect is called the Laumon space, and we can regard the partition function of the
theory with the defect as that of the 2d sigma model whose target space is the Laumon space. Then, the fact
that the defect partition function becomes the Macdonald function, is compatible with the main claim in [T9)].



Chapter 7

Conclusion

7.1 Recapitulation of Main Results

We now conclude the thesis. The main results in the present thesis consist of two parts and one by-product.
These results resolve some open problems about the representation theory of the quantum algebra called the
Ding-Iohara-Miki algebra U, ;. Some applications to the physics are stated in the next subsection.

1. The first result is the explicit algorithm to construct the generalized Macdonald functions |Px(w)). This
is summarized in Theorem [£:2:21] in Chapter [4] that is, schematically,

|Px) = (Constant) - z H(l —x;/x;) - fgl\nl(w|s|q,q/t)V(") (t_’?- w % ,x|n|) |0) ,

1<J x,1
)

The key ingredients are the bispectral Macdonald functions f#'ini (Definition and the screened vertex
V(™) (%) (Definition constructed from the screening currents of the g-deformed W-algebra. This result
can be seen as the natural generalization of the known result on the Macdonald functions on the Fock space
to the multi Fock tensor spaces.

2. The second result consists of the introduction of the Mukadé operator V(x) (Definition , and the
explicit computation of the matrix elements of V(z) with respect to the generalized Macdonald functions. The
existence of the Mukadé operator is ensured by the explicit construction of the operator 7V (z) (Definition
using the intertwiners of Uy . As noted in Chapter [5] those matrix elements factorize as the products
of the Nekrasov factors. In the end, we obtain, in Theorem [5.2.1

by (4)
(=)Ven(wa)M & Wl lg D
2.\ lul AG) N-1 ' H N ) (quiftug)
(v?x) i=1 (v‘» |g>\<i>) i,j=1

7

(Ex(0)| V(2) [Kpu(u)) =

where | K, (u)) is the integral form of the generalized Macdonald functions (Definition 4.2.25)). These two facts
are our main results.

3. Moreover, as a by-product, we obtain the way to construct the bispectral Macdonald functions using the
intertwiners of U, ;. This is the result of Chapter @ More precisely, in the first step, we glue the intertwiners
in the shape of the toric diagram which corresponds to the Aj; quiver gauge theory with G = Ay in 5D
((An, Apr)-theory). In the second step, we specialize some parameters to specific values. Then, in the end, by
taking the vacuum expectation value of those operators, we obtain the bispectral Macdonald functions. This
means that by tuning parameters in the instanton partition functions of the (Ax, Aar)-theory, we obtain the
bispectral Macdonald functions.

105
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7.1.1 Application to Physics

As summarized in Section [5.2] we have two applications of the results above. The first one is the S-duality
formula for the partition functions of (Ax, Aps)-theories. Let Zt((ﬁ,{v Ad) b the topological partition functions
of the (An, Aps)-theory. The S-duality in the type IIB superstring theory exchanges N and M in the (An, Apr)-
theory. In the end, in Proposition [5.2.6] we obtain

)

Zt(cij.\“AM) ~ Zt(:;)y,AN)

where ~ means the both sides are identical up to some overall factor. Moreover, once we admit[Conjecture 5.2.8}
we show the overall factor is one, and both sides becomes exactly identical.

The second application is the proof of the 5D analogue of the Alday-Gaiotto-Tachikawa (AGT) correspon-
dence. The formula for the matrix elements of V(z) is nothing but the claim of the 5D AGT correspondence.
Note that one of the defining relations of the Mukadé operator in Definition [5.1.1]

(1-3) XD W@ = (1= t/a77) V) X2 (2)

z

reduces to the defining relation of the primary field of the Virasoro algebra, under the limit ¢,t — 1. We will
give some comments on this point soon in the next section.

7.2 Future Directions

There are many possible extensions and applications of these results. In this section, we discuss four of such
future directions. By pursuing these directions, we may acquire a deeper insight into the string theory from
integrability.

1. The first one is to prove|Conjecture 5.2.8|to complete the proof of the S-duality formula|Conjecture 5.2.9]

The strategy of the proof may be the same as that of the main theorem That is, we
first specialize the spectral parameters so that the inner Young diagrams are restricted to £ rows, and prove
the identity at that value of the spectral parameters, using the Kajihara-Noumi identity. Because such
specialization is not unique, we may carry out the analytic continuation. This strategy is just a guess, though
this is the most convincing strategy.

2. The second one is the extension of the result of Chapter |§| (see 3. in Section . By making loops
in the diagram (Figure , we obtain a new function. This function turns out to be the special case of
the non-stationary Ruijsenaars function, which was introduced in [I04]. As proved in [104], this function is
the generating function (the Hirzebruch x,-genus) of the Euler characteristics of the affine Laumon space.
As pointed out in [57], this space can be identified with the instanton moduli space of the theories with the
full surface defect (i.e. the surface defect which completely breaks the gauge group to the products of U(1)).
Because such the generating function is the partition function of the 5D N' = 1* theory (see [116] for example),
the function we obtain by making loops in Figure[6.2] is the specialization of the 5D A = 1* theory with the
full surface defect.

The most intriguing feature of the non-stationary Ruijsenaars function is the bispectral duality (see [104]),
physically which exchanges one of the Q-background parameters and the adjoint mass parameter in the N' = 1*
theory. This is a highly non-trivial duality, and we have to clarify this duality from the string theory point of
view.

3. The third one is the generalization of the generalized Macdonald functions (see 1. in Section to the
Koornwinder functions. Recall that the algebra U, ; and the generalized Macdonald functions are associated
with the A-type root system. In order to deal with the other types of root systems, we have to introduce the
Macdonald functions associated with the other root systems, and these are called the Koornwinder functions
[64]. These functions are associated with the BC-type root system, and in the various limit, they contains
the A-, B-, C-, D-type Macdonald functions. Actually, it is possible to give the Koornwinder analogue of
Theorem and from that, we can construct the associated algebra. Though many problems about this
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algebra are still open, through the study of this algebra, we may consider the AGT correspondence with other
types of gauge groups.

4. The last one is quite challenging. As noted in the previous section, we now identify the defining relation
of the g-analogue of the primary fields. Thus, following the standard textbooks of CFT, the next step we have
to take, is to define a g-analogue of the degenerate fields. This can be regarded as the first step to construct
the field theory which has the ¢g-Virasoro algebra as its symmetry.
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Appendix A

Remarks on Physical Facts

In this appendix, we give the sketch of the derivation of some facts stated in Chapter [2| Especially, we give a
brief review on the instanton counting and the topological vertex.

A.1 Super Yang-Mills and Instanton Counting

First, we summarize just the idea of the instanton counting because there already exist many beautiful reviews
on this subject. We begin with the 4d A/ = 2 (i.e. with the eight supercharges) super Yang-Mills theories
with A-type gauge groups, and later we uplift them to the 5d theories.

We name some good review articles on these subjects. The good review on these theories themselves is
[108] and on their various aspects is [I13]. The reviews on the instanton counting are [109, [77, 96, [T0T], [76].
The stringy realization of the instantons is as the bound states of D0-D4 branes. For more details, see [114].
For the theories with other types of gauge groups, see [83] 60].

A.1.1 Instanton Counting in 4D

For simplicity, we deal with the 4d A = 2 theory without any matters on the 4d flat space C2, the basic setup
of the Seiberg-Witten theories [99] [100]. The Lagrangian of the theory is given by

L= /dafdeg Tr F(®), (A.1.1)

with ® the vector multiplet. F is the rational function of ®, and called the prepotential. Because there exist
the SU(2)r R-symmetry and the isometric symmetry of the space SO(4) ~ SU(2);, x SU(2)g, we can make
the topological twist to preserve the diagonal of SU(2)y, x SU(2)%. The resulting theory belongs to the class of
the cohomological field theories [119], and especially it becomes the example of the Donaldson-Witten theory.
Then, the action can be written as

S = (Q-exact terms) + 8% /trF NF, (A1.2)
T

and thus is minimized if F is the anti-self-dual connection, that is, the gauge connection satisfies the instanton
equation,
F+x«F=0. (A.1.3)

The solution (called the instanton solution ) is labelled by the integer, called the instanton number. We denote
by My, the moduli space of k-instanton solutions. Then, the partition function of the theory becomes

Z = /675 = Zclass. * Zl—loop : Z qkzk y 2k = / 1, (A14)
My

kGZzo
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110 A Remarks on Physical Facts

where q is the exponentiated coupling (contained in the normalization of F'). We also used the fact that the
super Yang-Mills theories are one loop exact. Nekrasov conjectured in [84] that the prepotential is obtained
from the limit of the instanton partition function, that is,

F = lim06162 IOg Zinst. . (A15)

€1,2—>

This conjecture was proved in three independent way in [82], [78] and [I8].

Then, the next step is to compute the integral of 1 over My. As studied in [75], My, is realized to be the
hyper-Kéhler quotient, and the same moduli space admits the ADHM construction E| [7] (for the reviews, see
[20, 25]). Though the integration is not well-defined because M, is not compact, we can make it well-defined
once we make use of the equivariant localization. See [78] and reviews cited above. We also cite [93] as the
review. Physically, this procedure corresponds to the introduction of the Q-background to C%. That is, we
add one virtual dimension S! with the circumference R, and make the following identification:

(z,w,0) ~ (e"z,e”“?w, R), (A.1.6)

and after the identification, we take R — 0.
Finally, the computation was achieved in the legendary paper [84] by Nekrasov, and using the Q-background
parameters, the result is given by

\ Y 1
2y = Zégc (67 )‘) ’ Zégc (67 )‘) = P —
Xepx§xl_k ' ‘ ]l:_J[acEA;!;{)\(f) (x, Z,])(€+ — E(;c’ 17])) (A17)

with E(z,4,5) = a; — a; + e1(A™) =1+ 1) — ea(A\D —m) for 2 = (I,m). When we have matters, the
k-instanton partition functions become
T, (A.1.8)
Mp
where 7 is the corresponding matter bundle. After all, the contributions are from the fixed points of the
localization, and thus we only need to evaluate the matter bundles at those fixed points. The final results for
the case with matter contents are summarized in Chapter [2]

5D Lift

Now we lift the theory to 5d, C2 x S'. Mathematically, this lift means we go from the equivariant cohomology
to the equivariant K-theory [79]. As studied in [81], the action is given by

S = / O A tr(F A F) 4+ (Q-exact term) , (A.1.9)
C2x St

where 6 is the U(1) gauge field which gauges the conserved current tr(F A F) [98]. We consider the S* direction
as the time direction, and instantons as the particles move around the S! as time passes. In the weak coupling
limit, [81] shows we can integrate out the C? direction, and the theory reduces to the supersymmetric quantum
mechanics on S*. This discussion goes as follows. In (Q-exact term), we have the term proportional to F}j;
(+ means the self-dual part) where u,v are the indices running only the four-dimensional space directions,
(not the S! direction). Because the term is Q-exact, we can take the limit where the coupling constant term
in front of this term goes to infinity. Then, we obtain the equation which define the moduli space, as

Ftluq=0. (A.1.10)

This is nothing but the instanton equation and thus the moduli space is the same as that of the four-dimensional
theory above. The action reduces to the supersymmetric version of the sigma model whose target space is the

IFor the exceptional Lie group, we do not have the ADHM construction.
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instanton moduli. Then, the partition function becomes the index associated with the Dirac operator D, and
it ends with

Zi5. =mdD=> "q¢" [ A(TM,), (A.1.11)
k M

with A(T M) the A-roof genus. See [43] for more details. Roughly speaking, when the Chern class of the
tangent bundle of the instanton moduli space is [ [, €**, the A-roof genus is given by the J], 1/sinh(x;). Thus,
practically, we just need to exponentiate each factor in the 4d instanton partition functions to obtain the 5d
version. The final result is summarized in Section 211

Because the Atiyah-Singer index of the Dirac operator is related to the Witten index, the partition function
also admits the following expression:

inst.

250 =ty [(~1)Fq gt m K] (A.1.12)

where [ is the conserved charge corresponding to the instanton number. For the other parameters, see Section

21

A.2 Topological Vertex

We now introduce the topological vertex, which is the technique to compute the topological string partition
functions. It was introduced in [I]. The review of the derivation of the topological vertex has already been in
[70, [85], 110], and thus we just show the idea of the derivation.

The open topological string theory is defined on the Calabi-Yau threefolds. We concentrate on the toric
Calabi-Yau threefolds, characterized by the two-dimensional grid diagram, called the toric diagram. For the
details of this class of the Calabi-Yau manifolds, see [22] [44]. Then, by the localization argument in [63], the
contribution to the topological string amplitudes only comes from the strings stretched on edges in the toric
diagrams.

Thus, the key idea is to decompose the toric diagram to the simpler patches, compute each patch, and
finally glue them.

Step 1. Decompose the toric Calabi-Yau threefolds to local patches each of which is isomorphic to C3.

Step 2. Compute the partition functions on those C? by using the conifold transition and the Chern-
Simons theory.

Step 3. Glue them.

Step 3 requires the careful treatment of the framing, and the result is summarized in |Definition 2.1.11} For
more details, see the review articles above.

Step 1. The first step is done by inserting the A-brane/anti-brane pair to the internal legs of the toric
diagrams. A-branes are the analogue of the D-branes in the open topological string. By the same argument
as the pair of pants decomposition, we can decompose the toric diagram to the following trivalent diagram:

I

The thick lines represent the inserted branes. Once we forget the branes on the boundary, this is the toric
diagram for C3.
In the next step, we compute the topological string amplitudes on C? with three branes inserted.
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Step 2. Before starting the computation, we have to note some important facts. We enumerate them in the
following list.

1. As pointed out in [I18], A-branes wrap on the Lagrangian sub-manifolds in the Calabi-Yau, and the
action on those A-branes is given by the Chern-Simons action.

2. By the Gopakumar-Vafa duality [38], the open topological string partition function on the deformed
conifold is identical to the closed topological string partition function on the resolved conifold. That is,
the open string on the right of the following toric diagram is equal to the closed string on the left. The
dashed line means the Lagrangian S3.

3. By combining the proposals by [92] and by [65], once we insert the Wilson loops in the Lagrangian S3,
the open string contribution appears in the closed string partition functions on the resolved conifolds.
For later use, we realize S3 as |2|? + |w|?> = 1 with z,w € C. Then, when we insert the unknot to
S3 along the coordinate z, we have the insertion of A-branes on the one of the external edges. This is
summarized in the following diagram. If along the coordinate w, it is on the vertical edge. We refer to
this duality by the Ooguri-Vafa duality.

s
s
7

% “unknot added

Now we are ready to go ahead. First, we note that by taking the appropriate limit (the length of the
diagonal line to infinity), the toric diagram of the resolved conifold reduces to that of C3.

We also have to note the A-branes wrapping the Lagrangian sub-manifolds on the boundaries have the
labels to represent their winding numbers. As noted in [1], these winding numbers are labelled by the partitions.
Under the Ooguri-Vafa duality, these partitions turn out to be the labels of the representations of U(oo) which
are associated with the Wilson lines in the deformed conifold side.

Then at the trivalent vertex, we represent the partition functions on the C? patch by

3
ZCJ ({Ul, )\z’}i=1~3) = C;q)\z)\s (q) H tI‘,\iUZ‘ . (AQI)
=1

Again, \;’s are the labels to represent the winding numbers, and try,U; is the expectation value of the Wilson
loop which forms the unknot with the representation A;. Actually the expectation value of the Wilson loop
which forms the unknot is given by the Schur function, that is, the character of the representations of U(o0)
[120]. Thus this is just the expansion of the partition functions in the basis of Schur functions.

In the end, we obtain the following result.

Claim A.2.1.

; Wiy pWiso
C' - MA (5(X2)+h(As))/2 T Aap 7T A2 A99
Mz (@) < Coor 4 Wao ) ( )
where
Wy(q) == (—1)"g" s, (q7") = 5,(¢"), (A.2.3)
Wy (q) = Wiu(@)su(¢""°) = s.(a”)su(¢""7)
= (_1)\u\+|u\q(n(#)+n(u))/2 Z Sp/m(@ )80 (@77 (A.2.4)

n
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and

ANy AL A5
Copr® = CopCoot s (A.2.5)

n

with ¢, the Littlewood-Richardson coefficients of the skew Schur functions,
Sy/x = Zcius# . (A.2.6)
n

The strategy is as follows. We compute the partition function corresponding to the following toric diagram:
A1
;A2

s

That is, we have two insertions of Lagrangian sub-manifolds on one edge. Then, by the Ooguri-Vafa duality,
this reduces to computing the expectation value of the following knot:

A2
Ml
W 1D

Then by using some results in [120], we can compute it with the expectation values of the Hopf links and the
unknot as

((Hopf link : (A2, A1)))((Hopf link : (A2, A3)))
{(unknot : (A2))) '

We also have ((Hopf link : (A1, A2))) = Wi, x,, and ((unknot : (X)) = W, y. After this computation, in order

to restore the original situation in Step 1, we have to move one Lagrangian branes to the other side of the

trivalent vertex. This procedure ends with the above result.
By the careful computation, we can rewrite (A.2.2)) as the following form.

(Knot in figure above) = (A.2.7)

Proposition A.2.2.

Chirara (@) = (=1)21q7 0D 2, (g70) Y "5y 1y (65) s, (02277)
n

= (—1) 21 il gr(Xs)/2 - —Ay—p —A2—p (4.2.8)
= (—1)% q $x,(07°) Y x /(g )Sxa/n(q )
n

We use some formulas in [122]. With some trivial correction such as the redefinition of the partitions, this
agree with the topological vertex defined in [Definition 2.1.8

Refinement

The problem of the topological vertex is that it has only one parameter ¢, while the instanton partition
functions contain two parameters ¢,t. The topological vertex is the tool to compute the partition functions
for the self-dual background ¢ = t. Thus, we need to ”refine” the topological vertex to include one more
parameter.

The guiding principle for the refinement is that the resulted vertex actually computes the correct instanton
partition functions with two parameters. There seem to be two solutions to this question.
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One solution is invented in [47], the other is in [I0} [II]. The former is summarized in Chapter [2| and thus
we show the result in the latter.

The solution in [I0, [I1] is quite natural, because they replace the Schur functions with the Macdonald
functions. That is, they introduced the following vertices:

CUN(@:t) = PA(t"50, 1) Y 1Py o (=Y 454, 9) Py (175 0, 1) (M2 /1)1 (g, 1)1

(A.2.9)
C#)\(Qa t) = (_l)l)\‘+|l—i|+|l’|c”u,)\/l’ (taq) .
Recall that ¢ is the endomorphism of A, ¢(p,) = —pn.-
Then, by the same argument as |[Proposition 3.4.9] we have the following fact.
Fact A.2.3 ([9]). We have
Al
1 (I, N +1),—vu —t1/2y, N /-1 vl e
S (P @ ’ ’ D= — e L s W PR
B Py P {(0,1),v;(1,N),u} g (Q(—v)N SRR (A.2.10)
Bl 2.
* (17N)7U§ (071)’u q(_u)N — — v v
W { LN+ 1), —vu | 1O =Ty ) ST Gl 0).

A.2.1 From (p,q)-web to Topological Vertex

As studied in [2], the 5D A" =1 SYM can be engineered through the brane web of type IIB superstring. Now
we connect the partition function of the theory to the partition function computed by the topological vertex.
This can be accomplished by following the sequence of the string duality. Schematically, the sequence is the
following:

5D N =1 SYM «— type IIB string on My x S with (p, q)-Web X
2 type IIA string on My x S*
2 M-theory on My x T? with the M5-brane wrapping with X x (A.2.11)

i A-type topological string on X

— topological vertex partition function .

Here X is the toric Calabi-Yau threefold, and X is the (p, ¢)-Web which is obtained by regarding the toric
diagram of X as the fivebrane web. The both arrows at the beginning and the end mean the gravity decoupling
limits in the appropriate sense. In the following, we will sketch the idea of each duality steps. The circled
numbers over the equalsigns correspond to those of the paragraphs below.

@D Using the T-duality, we can go from the type IIB string on R? x M35 x R? x Sk with (p, g)-web to the type
ITA string on R? x Mz x R? x Sll/R with some D6-branes. Here, we put the fivebranes, forming (p, q)-web,

on X x Ms in the first R2 x Ms, and the T-dual is taken with respect to the last S}%. Let us see more detail
of the D6-branes whose origins are D5-branes in the (p, ¢)-web. As explained in [53], the NS5-branes become
the Kaluza-Klein monopoles when T-dualize w.r.t. the normal direction and the total geometry becomes
St fibration over R? x M5 x R? with the fibre degenerating at the loci where there were NS5-branes. The
D6-branes wrap R? x Mj times the fibred S*.

®@ Now we lift the type ITA theory to the M-theory on M5 x X. Lifting the type IIA string to the M-theory,
the total geometry becomes the torus fibration over R? x My x R? with the fibre degenerating at some loci.
The A-cycle of the fibre degenerates at the place where the S' fibre in the previous geometry degenerates, and
the B-cycle where there were D6-branes in the type ITA string. These facts show the (p,q)-web has all the
information about the degenerating loci of the torus fibration, that is, at the position (p, ¢)-fivebrane existing,

the (p, q)-cycle degenerates. By direct comparison of the momentum map, we can identify this geometry with
the toric Calabi-Yau threefold X.
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@ We finally identify the partition functions of the field theories which are obtained by integrating out the
Calabi-Yau directions from type ITA string, agree with the topological string partition functions. This was
confirmed in [5].

Thus, combining all we can identify the topological vertex partition functions and the instanton partition
functions.



Appendix B

Some Useful Formulas

B.1 Some Formulas for Nekrasov Factor

Nyu(u) = H (1 _ uqax(i,j)tlu(i,j)—&-l) H (1 _ uq—a,l(i,j)—lt—lk(i,j)) .
(3,7)€EX (i,5)€ER

Nu(u) = H (Uq_uﬁ)\jﬂ’%_”j;q)Aj*AjJrl' H (uq)\a_”ﬂ’ia_ﬁ_lﬂ)uﬁﬂwﬂ-

~
Y

i>i>1 B>a>1

_ Mo(yut g =*,q7"t7") . _
N)\M(u) - Ho(f’yuq*ﬂ,tfp) ) with HO(.’I}‘y) - E[(l - mzyj) .
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For z = (i,7) € A, put x, =t 7i¢7 1. With f(z) = %,
N)\;L(u) = H (1 - uXw) H (1 - Ut/qu) : H f (UtXl‘/qu) :
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B.1.1 List of operator products

(B.L.1)

(B.1.2)

(B.1.3)

(B.1.4)

(B.1.5)

(B.1.6)

(B.1.7)

In this subsection, we list some formulas for the normal ordering among the various operators appeared in the

main text. We have

i p 1—t2w/qz ; ,

(@) (4) - A (4) .
A (2)S8' (w) T tw/gs A ()8 (w) -,

, , 1—w/z - ,

(i+1) () et el N (R ) () .
A (2)S'% (w) T tw)s A ()8 (w) :,

AV (2)8O (w) = AW (2)§O (w) : for j<i and j>i+1,
X , 1—qz/t?w ) X
(%) () (y) = 2 9%/ 7 . g(i) () (4) -

S (w)AY (z) =g ftw S (w)AY (z) -,
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(B.1.8)

(B.1.9)
(B.1.10)

(B.1.11)
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SO (w) AT (z) = 1_%; SO (w)ATHD (2) 1, (B.1.12)
SO W)AD) (2) = SO (w)AD (z): for j<i and j>i+1, (B.1.13)

3O (2)SD (w) = ((t;”//zz_;qq))m O (2)SM (w) :, (B.1.14)
3O ()8 (w) =: D (2)SD(w) : (i >2), (B.1.15)
W (N3O (1) = (qu/z1 @)oo MW (N3O (1) -
S (2)2©) (w) ol S ()2 (w) -, (B.1.16)
SO ()00 (w) = SV (2)dD(w): (i >2), (B.1.17)
0 (3O (1) = L/ Doc 50 5O () -
() ()0 () e ()2 (w) (B.1.18)
SO (2)80) (w) = (1 — w/z)M : S ()8 (w) (B.1.19)
CIET . 1.
SO (w) = LU= 5050 w)-, (B.1.20)
S ()80 (w) = ((55//; ‘2)) L SED (2)5D(w) (i), (B.1.21)
S5 (2)8W (w) = S ()SD(w) :  for |i—j|>2, (B.1.22)
AD (2)5O () = 11__;//2 A ()0 () :, (B.1.23)
O (2)AM (z) = - aqj//tﬁx O () A (2) -, (B.1.24)
AD ()0 () = AD(2)O) (2) -, (B.1.25)
3O (2)AD(2) = ll_qzﬁfx CBONAD () (1> 1), (B.1.26)
T (2)SD (w) = SO (w)UH(2) = UH(2)SD(w):  (Vi), (B.1.27)
T (2)5O (1) m Lt ()30 (w) (B.1.28)
A ()A(i)()_ﬁw.j\(i)( VAo () : (B.1.29)
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With G(z) = [175-0(1 — 2¢'t™7),

D (03) @} (1) = G(uj/vvi) " N /yvi) = @a(vi) @) (uy) =, (B.1.32)
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