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Abstract

In this thesis, we obtain the formula for the Kac determinant of the algebra arising from
the level N representation of the Ding-Iohara-Miki algebra. This formula can be proved by
decomposing the level N representation into the deformed W-algebra part and the U(1) boson
part, and using the screening currents of the deformed W-algebra. It is also discovered that
singular vectors obtained by its screening currents correspond to the generalized Macdonald
functions. Moreover, we investigate the ¢ — 0 limit of five-dimensional AGT correspondence. In
this limit, the simplest 5D AGT conjecture is proved, that is, the inner product of the Whittaker
vector of the deformed Virasoro algebra coincides with the partition function of the 5D pure gauge
theory. Furthermore, the R-Matrix of the Ding-Iohara-Miki algebra is explicitly calculated, and
its general expression in terms of the generalized Macdonald functions is conjectured.
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1 Introduction

1.1. The Jack symmetric polynomials [1, 2] are a system of orthogonal polynomials expressing the
excited states of an integrable one-dimensional quantum many-body system with the trigonometric
type potential called the Calogero-Sutherland model [3, 4].! These are one-parameter deforma-
tions of the Schur symmetric polynomials. In general, being integrable means that the model
has sufficiently many conserved quantities, and that system can be analytically solved. Like the
Calogero-Sutherland model, many of the integrable systems are not physical models of particles
existing in the real world. However, the mathematical structure of the integrable models, e.g.,
excellent solvability, can be used to advantage in many fields of mathematics.

Let us consider symmetric functions which are defined as a projective limit of symmetric poly-
nomials with finite variables [5, Chap. 1]. In the case of the Jack polynomials, the infinite-variable
limit exists and is called the Jack symmetric functions. The Jack functions are parametrized by
partitions or Young diagrams, and has the complex parameter 5 (see also Footnote 1). Actually
we can consider the parameter 5 as an indeterminate, and then the Jack functions are defined
over the field Q(5). The surprising result due to Mimachi and Yamada is that the Jack functions
associated to rectangular Young diagrams have a one-to-one correspondence with singular vectors
of the Virasoro algebra [6]. The Virasoro algebra is constructed by the infinitesimal conformal
transformations in two dimensions, and is the Lie algebra generated by L, n € Z[ and the central
element c satisfying the relations

2
-1
[Ly, Lin) = (n—m)Lyptm + ¢ n(nm)&wm’o, n,m € 7Z, (1.1)
L,,c=0, neZ. 1.2
[Ly, ] (1.2)

This is an essential algebra to two-dimensional conformal field theories required for string theory and
statistical mechanics. To obtain the irreducible representations of the Virasoro algebra is important
not only in representation theory but also in the conformal field theories. The irreducibility of
highest weight representations can be determined by special vectors called singular vectors in the
highest weight representation. Although the singular vectors have an integral representation, the
expression formula for the Jack functions by the Dunkl operator [7] is more useful. Further, various
properties of Jack functions are known. Thus, the expression of the singular vectors by the Jack
functions is very convenient and beneficial.

As a g-difference deformation of the Jack polynomials, there is a system of orthogonal poly-
nomials with rich theory called the Macdonald polynomials [5]. For later use let us introduce the
notation for Macdonald symmetric function, which is the infinite-variable version of the Macdonald
polynomial. We denote by Py(pn;q,t) the Macdonald symmetric function associated to the par-
tition A\. Here ¢ and t are free parameters, and they can be considered as complex numbers or
indeterminates. In this paper, we regard the power sum symmetric functions p, as variables of
the Macdonald functions (for more detail, see Appendix A). The Macdonald polynomials are also
simultaneous eigen-functions of commuting ¢-difference operators, now called Macdonald difference
operators. Let us also mention that they are related to the Ruijsenaars model [8] which is a relativis-
tic extension of the Calogero-Sutherland model. The ¢-deformation like the Macdonald functions
makes theory clearer and often mathematically easier to handle. For example, the Jack functions
can be characterized as the Hamiltonian Hpg (see Footnote 1), but they have degenerate eigenvalues,

! To be precise, the Jack polynomials are eigenfunctions of a Hamiltonian Hgz which is obtained by a certain
transformation of the Calogero-Sutherland Hamiltonian. Here (3 is a parameter appearing in the Calogero-Sutherland
model. The excited states can be constructed from the Jack polynomials.



and difficulties arise when we prove their orthogonality and coincidence with the singular vectors. In
the theory of the Macdonald functions, this degeneracy problem can be eliminated and the discus-
sion is clearer. Also, the Hamiltonian Hg has an infinite number of commuting operators. However,
it is difficult to write down these operators explicitly [9], and in the Macdonald theory we have an
explicit formula for the commuting family of difference operators having Py (py; ¢, t) as simultaneous
eigenfunctions. For the above reason, it can be said that Macdonald’s theory is more beautiful.

In the ¢ — 1 (t = ¢°) limit with 3 fixed, the Macdonald functions are reduced to the Jack func-
tions. On the other hand, in ¢ — 0 limit with ¢ fixed, they are reduced to the symmetric functions
called the Hall-Littlewood functions. The Hall-Littlewood functions have a close connection to the
character of the general linear group over finite fields, and they are also a generalization of the
Schur functions [5, Chap. III]. It is one of the advantages that it is possible to unify and generalize
the two generalizations of the Schur functions. Some applications in knot invariants [10, 11, 12]
and stochastic processes [13] are also known. The Macdonald functions are one of the important
symmetric functions for modern mathematics.

Awata, Kubo, Odake and Shiraishi introduced in [14] a g-deformation of the Virasoro algebra,
which is named the deformed Virasoro algebra. This deformed algebra is designed so that singular
vectors of Verma modules correspond to Macdonald symmetric functions Py (py; ¢,t). The deformed
Virasoro algebra is an associative algebra defined over the base field Q(g,t), where ¢ and ¢ are the
same parameters as in Py(pn;q,t). The generators are denoted by T, (n € Z), and the defining
relation is

L-—g—t")

TnaT Zfl n— le-H Tm—lTn—H) - 1 “p

(pn _p_n)5n+m,07 (1-3)

where p:= ¢/t and f; are the structure constants defined by

Zflz = exp (Z}z(l_ql l(lp; t_n)z”> . (1.4)

It is shown that the singular vectors of the deformed Virasoro algebra coincide with the Macdonald
functions associated with rectangular Young diagrams. It is also possible to obtain the Jack and
Macodnald functions associated with general partitions from the singular vectors of the Wy-algebra
and the deformed W-algebra (which is the (deformed) Virasoro algebra when N = 2) [15, 16, 17].
To be exact, singular vectors of the (deformed) Wi-algebra can be realized by N — 1 families of
bosons under the free field representation. By a certain projection to one of these bosons, we can
obtain the Jack (or Macdonald) functions associated with Young diagrams with N — 1 edges (see
Figure 1).

f\

Figure 1: Young diagram with N — 1 edges

N-1 edges



1.2. The representation theory of the Virasoro algebra plays an essential role in the two-dimensional
conformal field theories. In 2009, while studying the low energy effective theory of M5-branes, Al-
day, Gaiotto and Tachikawa discovered the correspondence between the correlation functions of
two-dimensional conformal field theories and the partition functions of four-dimensional supersym-
metric gauge theories (AGT conjecture) [18]. Gauge theory has a long history and is an attractive
theory studied by a lot of mathematicians and physicists. Although it is difficult to calculate
the partition functions of gauge theories in general, Nekrasov gave an explicit formula (Nekrasov
formula) for the instanton partition function of four-dimensional NV = 2 supersymmetric gauge
theory in 2002 [19]. The Nekrasov formula Znex(A) is written by the summation of the terms Zg
parametrized by tuples of Young diagrams:

Znex(A) :im > Zy. (1.5)

n=0 ‘}7|:n

These terms are given in a factorized form, and as n increases, the amount of calculation becomes
enormous. However, it can be calculated by a simple combinatoric method. The discovery of [18] is
the following relation between two-dimensional and four-dimensional field theories. The Nekrasov
formula for the four-dimensional SU(2) gauge theory with four matters in (anti-)fundamental rep-
resentation (actually, it is the Nekrasov formula of the U(2) gauge theory divided by the U(1) factor
Znex/ZY M) ) coincides with the four-point conformal block of the two-dimensional conformal field
theory.

Basics of the conformal field theories were established by Belavin, Polyakov and Zamolodchikov
(BPZ) in 1984 [20]. They described the critical phenomenon of the two-dimensional Ising model
which is a model of the ferromagnet, and so on. The primary fields V(z) are operators on the
representation space of the Virasoro algebra such that

Ly, V(2)] = 2" <28€i’ + h(n + 1)) V(z2), zheC. (1.6)
The primary fields are the main research object in the conformal field theories. Here h is called
the conformal dimension of the primary field. Furthermore, in the conformal field theories, it is
a fundamental problem to calculate the correlation functions of the primary fields. Generally, in
the quantum field theories, the calculations of correlation functions are difficult, and usually it
is often solved by approximation. BPZ succeeded in determining the exact forms of correlation
functions in the conformal field theories. In particular, they derived differential equations with
regular singularities for the correlation functions.

However, the research by BPZ was performed mainly for primary fields with the special confor-
mal dimension, i.e. the minimal models, and they did not investigate the correlation functions in
general forms. Even if we derive the differential equations of the correlation functions, it is difficult
to find their solutions. From the standpoint of conformal field theories, the AGT conjecture that
states the agreement between the Nekrasov formulas and the conformal blocks (originally in the
Liouville theory, that is the theory having the primary field with generic conformal dimensions 2) is
studied under the expectation that general formulas for the correlation functions can be obtained.

Various extensions were made immediately after the AGT conjecture was discovered. First of
all, the original AGT conjecture deals with the four-dimensional gauge theory in the case that the
number of (anti-)fundamental matters Ny is 4. Immediately after this original conjecture [18], the

2 Also the AGT conjecture using the Minimal models is studied in [21]. To be exact, contribution of the Heisenberg
algebra is added to the Minimal models.



cases with Ny =0, 1,2, 3 were studied in [22]. These cases can be obtained from the case of Ny = 4
by applying the same degenerate limits to the Nekrasov formula and the conformal block. Especially
when Ny = 0, the conformal block degenerates to the inner product of the vector |Gyi;) called the
Whittaker vector of the Virasoro algebra.® Moreover, it is also expected that the four-dimensional
gauge theories with the higher gauge group SU () correspond with the Wy-algebra [23].

The Jack functions and the Macdonald functions also play an important role in the AGT conjec-
ture. For example, the expansion coefficients of the Whittaker vector |Gy;i) by the Jack functions
are clarified [24]. In addition, it is known that a good basis called AFLT basis [25, 26, 27] can
be regarded as a sort of generalization of the Jack functions. The AFLT basis is a basis in the
representation space of the algebra (Virasoro algebra) ® (Heisenberg algebra), which is first intro-
duced by Alba, Fateev, Litvinov and Tarnopolskiy, and the conformal block can be combinatorially
expanded by this basis. The AFLT basis is an orthogonal basis which parametrized by pairs of
Young diagrams Y. In the Wy algebra case, it is parametrized by N-tuples of Young diagrams and
exists in the representation space of the algebra (Wy algebra) ® (Heisenberg algebra). By inserting
the identity 1 = > ¢ ‘<Y57>\<37Y>‘ with respect to the AFLT basis {|Y)}, the calculation of correlation
functions (V(z1) - - V(2n)) is attributed to that of the matrix element (Y |V (2)|W), where V (2) is a
sort of the primary field defined by some relations with generators of the Virasoro algebra and the
Heisenberg algebra. Then the three-point functions (Y|V (2)|W) are factorized and coincide with
the significant factors called the Nekrasov factors, which compose the Nekrasov formula. Namely,
if we expand the correlation functions by using the AFLT basis, then the form of its expansion
is quite the same as that of the Nekrasov formula (1.5). Further, the conformal block of the al-
gebra (Virasoro algebra) ® (Heisenberg algebra) coincides with the partition function Zyek(A) of
U(2) gauge theory. Actually, such a good basis does not exist in the representation space of the
Virasoro algebra. Since the U(1) factor contributes and complicates the AGT conjecture, we need
the adjustment by the Heisenberg algebra.*

In [28], the original AGT conjecture is ”proved” with the help of the AFLT basis (the general-
ized Jack functions) and the free field representation.® However, this "proof” is based on another
conjecture. To explain it in more detail, recall that the free field representation of the conformal
blocks can be written by the Dotsenko-Fateev integral (F'), where ( ) means some integrals of the
integrand F'. Then F' can be expanded by a sum of the products of the generalized Jack functions
Jy and their dual functions J7., which are parametrized by tuples of Young diagrams. This expan-
sion formula is called the Cauchy formula. At that time, it was conjectured that the integral value
of each term (JyJ3%) directly corresponds to Zy in the Nekrasov formula. This is the scenario of
the ”proof.” Although this proof is straightforward without using recurrence formulas etc, since the
integral value of the generalized Jack functions is still a conjecture, it is necessary to prove it in
order to complete this proof. For that, we need to investigate more properties of the generalized
Jack functions.

g-deformed version of the AGT conjecture is also provided.® That is, the deformed Virasoro,/W -
algebra is related to five-dimensional gauge theories (5D AGT conjecture) [36, 37]. In the simplest
case, it is shown that the inner product of the Whittaker vector of the deformed Virasoro alge-
bra coincides with the instanton partition function (K-theoretical partition function) of the five-

3 Also in the Ny = 1,2 case, the degenerate conformal blocks can be realized by the inner product of certain vectors
that are the general form of the vector |Gyir).

4Since the AFLT basis correspond to the torus fixed points in the instanton moduli space, it is also called the fixed
point basis.

®The ACT conjecture are proved in the case of Ny = 0, 1,2 in [29, 30] by using Zamolodchikov reccursion relation.
Some proofs from geometric representation theory are also given in [31, 32, 33].

SElliptic deformations of the AGT conjecture are also proposed in [34, 35].



dimensional N/ = 1 pure U(2) gauge theory. Also the same approach as [28] is taken in the
g-deformed case. In other words, it is conjectured that the ¢-deformed Dotsenko-Fateev integral
corresponds to the partition function with N; = 4 matters, and this conjecture is checked by using
the generalized Macdonald functions [38]. The g-deformed version of the AFLT basis [39] (that is,
the generalized Macdonald functions) exists in the representation space of the level N representation
of the Ding-Tohara-Miki algebra (DIM algebra).

The DIM algebra (explained in Appendix B) has the face of a g-deformation of the Wi, algebra
as introduced by Miki in [40], and the deformed Virasoro/W-algebra appear in its representation
[41]. Since the DIM algebra has a lot of background, there are a lot of other names such as quantum
toroidal gl; algebra [42, 43], quantum Wi, algebra [44], elliptic Hall algebra [45] and so on. The
DIM algebra has a Hopf algebra structure which does not exist in the deformed Virasoro/W -algebra,
and the DIM algebra is associated with the Macdonald functions having rich theory.” Unlike the case
of the generalized Jack functions, the generalized Macdonald functions can be constructed by the
coproduct of the DIM algebra [39]. It is a surprising phenomenon that the structure of the coproduct
of the DIM algebra has information on the partition functions of the five-dimensional gauge theories.
Furthermore, in the g-deformed case, Awata-Kanno’s and Igbal-Kozkaz-Vafa’s refined topological
vertices [47, 48] are also reproduced by the matrix elements of some intertwining operator of the
DIM algebra, and the coincidence between the correlation function of the DIM algebra and the 5D
Nekrasov formula is proved [49].

The AGT conjecture with respect to the g-deformed AFLT basis [39] (recalled in Section 2.2)
is almost parallel to the undeformed case, and it suffices to consider the algebra (X x4 )) denoted by
A(N), which is generated by certain operators Xy(L) (t=1,...,N, n € Z) obtained by the level N
representation of the DIM algebra. The level N representation is that on a Fock module F; with
the highest weight @ = (u1,...,uy). The vertex operator ®(z) : Fz — Fz on this Fock module is
defined by the relation (Definition 2.16)

(X — en(@)2X))0(2) = B(2)(XD = (t/q)en(0)2X ), (1.7)
where ey (U) := vivy---vy. @(z) can be regarded as an analog of the Virasoro primary field.

(1)

The generalized Macdonald functions are defined to be the eigenfunctions of the generator X
constructed by the copoduct of the DIM algebra. Then, it is conjectured that the matrix elements of
®(z) with respect to the generalized Macdonald functions reproduce the five-dimensional Nekrasov
factors. Under this conjecture, the four-point conformal block of ®(z) corresponds to the 5D U(N)
Nekrasov formula with Ny = 2N matters.

1.3. The first main theorem in this thesis is the formula for the Kac determinant of the algebra
A(N) (Theorem 3.1):

Theorem.

det ((Xg X)) 5= 1n HHbW By (1) (1.8)

Xrn k=1

< I | wue--un)® T (wi =% uy) (wi — 77 t%u)) :
1<r,s 1<i<j<N
rs<n

In the study of the algebraic structure of the operator 7(z) that is free field representation of the Macdonald’s
difference operator, it is discovered that 7(z) form a part of representation of the DIM algebra [46]. See also Fact B.2.



where bx(q) := [T;5; [T, (1 - ¢*), ¥\(q) == [Lisi IT2 (-1 + ¢*), and PN (n) denotes the number
of the N-tuples of Young diagrams of the size n. For the definition of m; = m;()), see Notations in
the latter part of this section.

This determinant can be proved by using the fact that the generators Xy(f) can be decomposed
into the deformed W-algebra part and the U(1) part by a linear transformation of the bosons, and
using the screening currents of the deformed W-algebra. By this formula, we can solve the conjecture
[39, Conjecture 3.4] that the following PBW type vectors of the algebra A(N) (Definition 2.8) are
a basis:

| X5) = X(_lA)an(_lA)g) ah X(_2A)<12>X(_2A)gz) . 'X(_JQN)X(_]IEM Sl - (1.9)

As the second main theorem, we also discover that singular vectors of the algebra A(N) corre-
spond to some generalized Macdonald functions. By this result, we can get singular vectors from
generalized Macdonald functions.® The singular vectors are intrinsically the same as those of the
deformed W-algebra. However, as the projection of the bosons is necessary for the correspondence
with the ordinary Macdonald functions, the result of this thesis that does not need projections can
be thought to be a generalization of [17]. As a corollary of this fact, we can find a new relation
of the ordinary Macdonald functions and the generalized Macdonald functions by the projection
of the bosons. Furthermore, since screening operators are written by integrals, we can also get an
integral representation of generalized Macdonald functions.

Concretely, the vector ‘X,:‘7§> defined to be

N—-1 Tk

xrs) = § T] T[a8D ) SOGED) - SWDEY D) SO0 (110
k=1 i=1

is a singular vector. Here S(i)(z) denotes the screening operator, the N-tuple of parameters v =
(v1,...,vN) is a function of &™) and for non-negative integers sy, 7, > Tk+1 2> 0,

1
ak) :&F’,Csz: VB = 1+ rhs1) —ﬁ(lﬂLSk)v N =0 (1.11)

(for more details, see Section 3.3). The singular vector |XF, §> coincides with the generalized Macdon-
ald function with the N-tuple of Young diagrams in Figure 2 (Theorem 3.4. (A). (main theorem)).

_S1. 52 SN-1
: T e
0,0.,0 o, -
, , , " & B R EB , , .\ Ay

Figure 2: Young diagram corresponding to singular vector. (A)

In fact, Figure 1 means the same Young diagram being on the rightmost side in Figure 2.
Hence the projection of this generalized Macdonald function corresponds to the ordinary Macdonald

SWhether the singular vectors considered in this thesis, e.g., |x#5) can express all singular vectors of the algebra
A(N) is incompletely understood. However, the Kac determinant can be proved by the only vanishing points given
by the singular vectors |Xff)g) (see (3.25)) corresponding to the simple roots, because the determinant has sly weyl
group invariance.



functions associated with the rightmost Young diagram with N — 1 edges in Figure 2 (Corollary
3.5).

When the condition ry > rr4q for the number of screening currents and parameter a®) in F,§‘>
is removed, the above figure is not a Young diagram. However it turns out that the vector Xr,'a’7§‘>
coincides with the generalized Macdonald function obtained by cutting off the protruding part and
moving boxes to the Young diagrams on the left side. For example, if 0 < rp < riyq for all £,
the corresponding N-tuple of Young diagrams of the generalized Macdonald function is Figure 3
(Theorem 3.4. (B). (main theorem)).

SN-1 SN-2+ SN-1 5,1,+ et SN-1

@ : \ 1
l/ / \I nEra g .

'N—1—TN-2 'N—2 —TN-3

Figure 3: Young diagram corresponding to singular vector. (B)

1.4. Furthermore, we investigate behavior in the limit to the Hall-Littlewood functions, ¢ — 0, of
the deformed Virasoro algebra and the algebra A(N). Also 5D AGT conjecture is studied in this
limit. The reason of considering such a limit is that the situation becomes simple and some problems
are solved. In particular, the simplest 5D AGT conjecture can be proved, and PBW type vectors
can be expressed in terms of Hall-Littlewood functions. By virtue of the theory of Hall-Littlewood
functions, we can obtain and prove an explicit formula (Theorem 4.23) for the four-point correlation
function of a certain operator ég(z) : Fz — Fg, which is the limit ¢ — 0 of the vertex operator
®(z) associated with A(2). Here, F; is the Fock module with the highest weight @ = (u1, u2).

Theorem.

(@] DF (22)D5(=1) [) = )
A
Here for a partition A, n(A) := 3,5, (i — 1)A;, and by is the same one in (1.8).

1.12
W1W229 ( )

£(N) k—1
<U1U221 )l/\ T4 (1 —! Zigjj)

£2n(\) by (tfl)

The function (| ®(2z2)®(21) |@) can be calculated by the generalized Hall-Littlewood functions
in the same way as [39]. However, we can obtain this formula by inserting the identity with respect
to the PBW type vectors.

We call this Hall-Littlewood limit ¢ — 0 ‘crystallization’ after the use of the quantum groups
[50], where the parameter g represents the temperature in the RSOS model [51] which has symmetry
of the deformed Virasoro algebra, and the limit ¢ — 0 can be considered as the zero temperature
limit. Although our studies are mathematically different from the notion of the original crystal
base of quantum groups, the physical meaning and the motivation to simplify phenomena are the
same. To investigate their mathematical relationship is an interesting open problem. On the other
hand, little is known about the physical meaning of the Hall-Littlewood limit in the gauge thoery
at present.

Let us remark other limits of Macdonald functions and AGT relations. The Macdonald functions
are reduced to the Uglov functions [52] in the root of unity limit of the parameters ¢ and ¢t. AGT



conjecture in this limit has been also studied. For example, the super Virasoro algebra appears in
the limit ¢,¢ — —1 of the deformed Virasoro algebra, and it correspond to theories on the ALE
space R*/Zy [53, 54]. Its generalization to the limit ¢, — e2™V=1/k i5 also studied. Moreover,
certain conformal algebras A(r,k) are introduced in [55] and applied to AGT correspondence.’
The construction of these algebra is also investigated via the root of unity limit from the Ding-
Iohara-Miki algebra in [56, 57]. Integral formulas for the solutions of the KZ equation can also be
constructed from the limit ¢ — 1, ¢ — —1 of the deformed Virasoro algebra [58] (see Figure 4).

Super Virasoro(its generalization)

Uglov or A(r, k) <«> ALE space R*/Z;
q,t—)egﬁi\ié__1 q,t%eszé__1
Macdonald oD AGT
q—”:/ \t—q q—0 \t_qﬁ
HalI-Littlewood Jack .:‘ 'Crystal~ i 4D AGT

.......

Figure 4: Limits of 5d AGT conjectures and Macdonald functions.

1.5. In this thesis, the R-matrix of the DIM algebra is also investigated. The result with respect
to the R-matrix is based on the collaborative researches [59, 60], and only works of the author is
described. In general, a R-matrix is defined as a solution of the Yang-Baxter equation, and is closely
related to the solvable lattice models, the knot invariants and so on. Further, it is well-known that
R-matrices can be constructed by Hopf algebras such as the quantum groups. In general, a Hopf
algebra H with the coproduct A is called quasi-cocommutative if there exists an invertible element
R in the algebra H ® H such that

A°P(z) = RA(z)R™Y (Vx € H). (1.13)
This R is called the universal R-matrix. If R also satisfies the relations
(A & id)R = R13Ro3, (id X A)R = R13R12, (1.14)

(see definition of R;; in Section 5) then H is called quasi-triangular and R satisfies the Yang-
Baxter equation R12R13R23 = RoszRi13R12. The DIM algebra is known to be quasi-triangular
[42]. In this thesis, the representation matrix of the universal R-matrix R is explicitly calculated.
In the tensor product of the level 1 representation of the DIM algebra (we denote it by puu,),
it is block-diagonalized at each level of the free boson Fock space. Also, it can be seen that
the action of R on the generalized Macdonald functions corresponds to the exchange of spectral
parameters, partitions, and variables in the generalized Macdonald functions. Moreover, by using
the renormalized generalized Macdonald functions (the integral form |K)), it can be conjectured
that

purs (R)|K5) = |EP), (1.15)

“Note that conformal algebras A(r, k) are different from the algebra A(N) in this thesis.



where |K°P) is the vector obtained by exchanging partitions, variables and spectral parameters in
|K5) (see definitions in Section 5.1). As a consequence, we have conjecture (Conjecture 5.1) of the
explicit formula for the representation matrix Ry i of the universal R-matrix in the basis of ’K X>:

Conjecture.
? 1
Ryt e (KalK). 1.16
AH <K,-;!Kﬁ> il by ( )

In [59, 60], the RTT relation of the DIM algebra is also studied using this R-matirx.

1.6. This thesis is organized as follows. In Section 2, two examples of the 5D AGT conjecture are
reviewed. One is the correspondence between the Whittaker vector of the deformed Virasoro algebra
and the partition function of the 5D pure gauge theory. The other is the conjecture on the AFLT
basis using the level N representation of the DIM algebra. In Section 3, we give a factorized formula
for the Kac determinant of the algebra A(N). Its proof depends on some results of the deformed
W-algebra. The relationship between the singular vectors and the generalized Macdonald functions
is also revealed. In Section 4, we investigated the ¢ — 0 limit of the deformed Virasoro algebra, the
algebra A(N) and the 5D AGT conjecture. In particular, the simplest 5D AGT conjecture is proved
in this limit. In Section 5, the explicit form of the representation of the universal R-matrix of the
DIM algebra is calculated. Its general form is also conjectured in terms of the generalized Macdonald
functions. In Section 6, properties of the generalized Macdonald functions are studied. First, to
state the existence theorem of the generalized Macdonald functions, we need partial orderings among

N-tuples of partitions. In this thesis, by using the partial orderings S (see Definition 2.10) and <
(see Definition 6.1), the existence theorem is proved. However, in [39], another ordering > is used
and the proof of existence theorem [39, Proposition 3.8] is omitted. We justify the theorem [39,

Proposition 3.8] by comparing < and > in Subsection 6.1. Tn Subsection 6.2, we also investigate the

action of the generators X j(tll) and higher rank Hamiltonians on the generalized Macdonald functions.
Their actions are based on a conversion rule called spectral duality that exchanges the level N
representation and the rank IV representation of the DIM algebra. Furthermore, in Subsection 6.3,
the ¢ — 1 limit is also studied. Since the generalized Jack functions have degenerate eigenvalues,
their Cauchy formula used in the senario of proof of the AGT conjecture [28] is non-trivial. By
taking the limit from the Macdonald functions, we can justify the orthogonality of the generalized
Jack functions and show the Cauchy formula. In Appendix A, the definition and basic facts of the
ordinary Macdonald functions and the Hall-Littlwood functions are briefly reviewed following [5].
In Appendix B, the definition of the DIM algebra and the level N representation are explained
following mainly [46, 61, 62]. Moreover we also describe the definition of another representation of
the DIM algebra called level (0, 1) representation or the rank N representation. In Appendix C, we
present some proofs and checks of conjectures in Section 4. At last in Appendix D, we give explicit
examples of R-matrix at level 2.
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Notations

e N, Z, Q, R, C denote the set of positive integers, integers, rational numbers, real numbers,
complex numbers, respectively.

e 7Z>( denotes the set of non-negative integers.

e Zo denotes the set of integers except 0.

e ); ; denotes the Kronecker delta.

o K[z1,...,x,] denotes the ring of polynomials in z1,...,x, over a field K.
o #{ } denotes the cardinality of set.

e Functions f(aj,ase,...) depending on multiple variables a, (n = 1,2,...) are occasionally
written as f(a) or f(a,) for abbreviation.

e For a partition A, p)y and m) denote the power sum symmetric function and the monomial
symmetric function, respectively.

e For n € N, e, denotes the elementary symmetric function.

Let us explain the notation of partitions and Young diagrams.

A partition A = (A1,..., \,) is a non-increasing sequence of integers A\; > ... > X\, > 0. We write
IAl:=>", Ai. The length of A, denoted by ¢()), is the number of elements \; with A; # 0. Partitions
are identified if all elements except 0 are the same. For example, (3,2) = (3,2,0). m; = m;(\)
denotes the number of elements that are equal to 7 in A, and we occasionally write partitions as
A= (1"™,2m2 3m3 ). For example, A = (6,6,6,2,2,1) = (63,22,1).

The partitions are identified with the Young diagrams, which are the figures written by putting
A; boxes on the i-th row and aligning the left side. For example, if A\ = (6,4,3,3,1), its Young
diagram is

[

The conjugate of a partition \, denoted by X, is the partition whose Young diagram is the transpose
of the diagram \. For example, The conjugate of A\ = (6,4,3,3,1) is X = (5,4,4,2,1,1). For a
partition A and a coordinate (4, ;) € N2, define

Ax(i,7) is called arm length and Ly (3, j) is called leg length. In the diagram, they mean the numbers
of boxes in right side from or below the box being in the i-th row and j-th column. For example,
if A =(8,8,5,3,3,3,1), then Ax(2,3) =5, L\(2,3) = 4.

11



O|O0O|O|O|®»

s=1(2,3)

Note that they can take negative values as Ax(3,7) = —2, L)(3,7) = —1. For a partition A, we
define n(A) := ) ,~; (i — 1)A;. This means the sum of the numbers obtained by attaching a zero to
box in the top row of the Young diagram of A, a 1 to each box in the second row, and so on.

For N-tuple of partitions X = (A, ..., AN define [ := [AD| + -+ + XM If [N = m, we
occasionally use the symbol ”” as X m.
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2 5D AGT conjecture

2.1 Review of the simplest 5D AGT correspondence

We start with recapitulating the result of the Whittaker vector of the deformed Virasoro algebra
and the simplest five-dimensional AGT correspondence.

Definition 2.1. Let g and ¢ be independent parameters and p:=q/t. The deformed Virasoro algebra
is the associative algebra over Q(q,t) generated by 7;, (n € Z) with the commutation relation

(1-g(1 -t
1-p

TnaT Zfl n— leJrl m lTn+l) (Pn—]fn)én-s-m,oa (21)

where the structure constant f; € Q(q,t) is defined by

Z Ji 2= exp (Z rlz G ql iflpn_ t_n)z"> . (2.2)

The relation (2.1) can be written in terms of the generating function T'(2) := >, ., T,2™" as

1

7 (4) 1)) - Tw)re)s (2) = -4 ql)(_l; . [‘5 ()¢ <p_ w)] @

w z z

where 0(z) = >, o5 2"

The deformed Virasoro algebra is introduced in [14]. Let |h) be the highest weight vector such
that Ty |h) = h|h), T, |h) =0 (n > 0), and M}, be the Verma module generated by |h). Similarly,
(h| is the vector satisfying the condition that (h|Ty = h(h|, (h|T, = 0 (n < 0). M; is the dual
module generated by (h|. The PBW type vectors |T_y) :=T_y,T-x, - - - |h) for partitions A form a
basis over Mj,. Also, (T)\|:=(h|---T),T», form a basis over M;. Here A = (A1, Ao, ...) is a partition
or a Young diagram. The bilinear form M; @ M) — C is uniquely defined by (h|h) = 1. This
bilinear form is called the Shapovalov form. The Whittaker vector |G) is defined as follows.

Definition 2.2 ([36]). For a generic parameter A, define the Whittaker vector '° |G) by the relations
T |G) = A%|G), T,|G)=0 (n>1). (2.4)

Similarly, the dual Whittaker vector (G| € M} is defined by the condition that
(G| T, = A*(G], (G| T, =0 (n<—1). (2.5)

This vector is in the form |G) = >, A2ANBMI™T_\ |h) and its norm is calculated as (G|G) =
Yoo A BA").(")  where BM* denotes the inverse matrix element of the Shapovalov matrix B PR
(AT

It is useful to consider the free field representation of the deformed Virasoro algebra. By the
Heisenberg algebra generated by a, (n € Z) and @ with the relations

1 — ¢l

ménﬂn,o, [ana Q] = On,0, (2-6)

[an, am] =n

9The vector |G) is also called the Gaiotto state or the irregular vector.
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the generating function 7'(z) can be represented as
T(z) = AT (2) + A (2), (2.7)

(¢/t)* 2 ay "}Ki. (2.8)

n

A% (2) —exp{xzinfq)@/t)%a s }exp{qcz

n=1

n

Here K*:=e%, Let |0) be the highest weight vector in the Fock module of the Heisenberg algebra
such that a, [0) = 0 (n > 0), and |k):=k® |0). Then K |k) = k |k). Furthermore, |k) can be regarded
as the highest weight vector |h) of the deformed Virasoro algebra with highest weight h = k + k=1,
In [36], Awata and Yamada conjectured an explicit formula for |G) in terms of Macdonald functions
under the free field representation, and Yanagida proved it in [63]. The simplest five-dimensional
AGT conjecture is that the inner product (G|G) coincides with the five-dimensional (K-theoretic)
Nekrasov formula for pure SU(2) gauge theory [47, 64, 65] :

A4t/q)lk\+\ul

stt = , 29

ZNM (DN (@) Nun ()N (@) (2.9)

M@= ] (1_QqAA ,J>tbu<,j)+1) I1 ( — Qg Al -1y LM)) (2.10)
(1,5)EX (1,5)ep

where Ay (i,7) and Ly (i,7) are the arm length and the leg length defined in Introduction, and \’ is
the conjugate of \.

Fact 2.3. For k = Q%,
(GIG) = Zy. (2.11)

pure*

This fact is conjectured in [36] and proved in [66, 67] when the parameter ¢ is generic.

2.2 Reargument of Ding-Iohara-Miki algebra and AGT correspondence

We now turn to the DIM algebra [68, 40]. Let us recall the AFLT basis in the 5D AGT corre-
spondence of the SU(N) gauge theory along [39]. In this section, we use N kinds of bosons al?
(n € Zzg, 1 =1,2,...,N) and U; with the relations

o 1 — ¢l"l
[anl), a%)] = nl_iilml 5i,j 5n+m,07 (2'12)
P U] =0, [U,U;]=0,  (Vij,n). (2.13)

Here U; is the substitution of zero mode a(()i), which is realized in two different ways in Sections 3
and 4, respectively. Let us define the vertex operators n(9 and .

Definition 2.4. Set

n(i)(z) = exp (i 1 _nt_ n (') ) exp ( io: - tn) z " (l)> (2.14)

n=1 n=1
@ = exp (Z L= _")z”a@n> . (2.15)
n=1
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Definition 2.5. Define generators XV (z) = 3" X, (D), —n by

XOk):= 3 hi(e) A0 ) (2.16)

1<j1<<gi<N

where 3 ¢ denotes the usual normal ordered product, and

1

< 1 i _im2. _
Al(z) == W ()@ (zp2) - o (2p~ 2 )@ (2p

The generator X (M (2) arises from the level N representation of Ding-Tohara-Miki algebra [46, 41],
and is obtained by acting the coproduct of the DIM algebra to the vertex operator n(z) N times (see
Appendix B). The other generators X,(f) appear in the commutation relations of generators Xr(fk)

(k=1,...i—1). When we just consider the AGT conjecture, it suffices to deal with the subalgebra

<X,(f)> in some completion of the endomorphism of the algebra of N-tensored Fock modules for our
Heisenberg algebra.

Ui (2.17)

Notation 2.6. We denote the algebra (XT(Li)> by A(N).

Proposition 2.7. If N = 2, the commutation relations of the generators are

o <%) XWX DO () — XD () XD (z) fD (%) (2.18)
- () e () xe),

7@ <%> XD ()X (w) — X ()X (2) @ (5) — 0, (2.19)

F <%) XD ()X (w) — XO(w) XD (2) D (%) =0, (2.20)

where §(x) = > ., 2" is the multiplicative delta function and the structure constant f (4) (2) =
Yoo fz( 2! is defined by

M)y . (I-¢m)@-tT") ,
fY(z) :=exp {Z - 2" 5, (2.21)
n>0
102) ::exp{z (1—¢")(1—t™)(1+p >} (229
n>0 n
These relations are equivalent to
1—q)(1—t1
X, X Z I Xﬁbl m+l X?S’i)le’r(lljl) + ( ql)(_p )(pm —pn)Xﬁzm, (2.23)
2) /v (2) 2 2
G2 X5 Z R ED X - XX, (2.24)
X, x@) = _ Zfl(l (p lX(l) X?S’L-)‘rl X7(772,)—IX7(7,1-21)' (2.25)

=1
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The proof is similar to the calculation of the deformed Virasoro algebra or the deformed W-
algebra. In the formula (2.18), we use

-1

£ @) — O (1/pr) = L DL

-D

For an N-tuple of parameters @ = (u1,...,uy), define |@) and (i| to be the highest weight

vectors such that a'}) |t) = (d]a” (Z =0 (n>1, Vi), U;|t) = u; |t) and (a|U; = u; (d|. Fz is the

highest weight module generated by i), and F is the dual module generated by (u|. The bilinear
form (Shapovalov form) F2 ® Fz — C is uniquely determined by the condition (u|%).

(0(z) = d(px)) - (2.26)

Definition 2.8. For an N-tuple of partitions X = (AW, A@ .. AM))  get

1 1 2 2 N N —
| X5) = X' )(1>X( A)(n X! A)<2)X( A)<2) '”X(_ABN)X(_AZM ), (2.27)
1 1 2
H N 2 1 1
(X5| = (@ -- X((N)>X((N)> -X( ) X<(g) X§§>X§<}>' (2.28)

The PBW theorem cannot be used because the algebra A(NN) is not a Lie algebra, but in
[39] it was conjectured that the PBW type vectors ‘X X> and <X X’ are a basis over Fy and F,
respectively. This conjecture can be solved by the Kac determinant of the algebra A(N), which is
proved in Section 3. In this section, we consider another type of the PBW basis, since it has good
expression in ¢ — 0 limit in terms of the Hall-Littlewood functions (see Section 4.3).

Definition 2.9. For X = AW X@ AN et

 v(N) (N) (2) (2) (1) (1) —

]X'X> =X )\(N X --‘X_A@)X /\(2) X X )\(1) T (2.29)
._ (1) (1) (2) (2) (N) (N)

<X/X’ = (Ul - (1)X (1) - X <2) )\(2) X}\;N)XAgzv)- (2.30)

Let us review the AFLT basis in F5, which is also called generalized Macdonald functions. In
order to state its existence theorem, let us prepare the following ordering.

Definition 2.10. For N-tuple of partitions X and i,
g &L X = an >Z|w>\ (Vk) and (2.31)

(AW}, AP I,---,! N)I) (Iu(l)\,lu(g)\,---,IM(N)I)-

Here |X| := [A®] 4. 4+ |]AM)]. Note that the second condition can be replaced with Zi-:ll IAD] <
S O] (k).
We can state the existence theorem of generalized Macdonald functions in the basis of prod-

ucts of Macdonald functions Hfil Py (a@l; q,t) |@), where P)\(a (,ZL, q,t) are Macdonald symmetric

(4)

functions defined in Appendix A with substituting the bosons a' ), for the power sum symmetric
functions p,,.

Proposition 2.11. For each N-tuple of partitions X, there exists a unique vector }PX> € Fz such
that

Py) = HPW () q,1) |1) +Z ,MHP o q.t) |i0), (2.32)
)\
§V1P5) = e |Pg). (2.33)
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where i = cx’ﬁ(ul, ...,uN;q,t) is a constant, ey = ex(u1,...,un;q,t) is the eigenvalue of X(()l).
Similarly, there exists a unique vector <PX‘ € F7 such that

N N

(Pg| = @l [ Pro (a5 0,t) + > e (l [1P.0@?;a.1), (2.34)
=1 ﬁ;X =1

(Py| x§V = e (5] (2.35)

Then the eigenvalues are

E;\‘ZE

> %

N
= ZUkE)\(k), ex:=1+(t—-1) Z(in — 1)t_i. (2.36)
k=1

i<1

Although the ordering of Definition 2.10 is different from the one in [39], the eigenfunctions ‘PX>
are quite the same. The proof is similar to the one in Section 6.1, which follows from triangulation
of Xél). By this proposition, it can be seen that ‘PX> is a basis over Fy, and the eigenvalues of Xél)
are non-degenerate. In Section 6.1, a more elaborated ordering is introduced and a relationship
between these orderings is explained. In Section 6.3, it is shown that these vectors }PX> correspond
to the generalized Jack functions defined in [28] in the ¢ — 1 limit. To use generalized Macdonald
functions in the AGT correspondence, we need to consider its integral form. In this paper, we adopt

the following renormalization, which is slightly different from that of [39].

Definition 2.12. Define the vectors ‘K X> and <K Xl’ called the integral forms, by the condition
that

K3y =D o5a [ Xi) < [Pr). oz pamy =1 (2.37)
i

(Kx| = Zﬁxﬁ (Xal o< (Psls B3 g, iy = 1- (2.38)
i

Conjecture 2.13. The coefficients sy and BX;Z are polynomials in ¢*!, ¢t

coefficients.

and w; with integer

Example 2.14. If N = 2, the transition matrix as o is as follows:

M| 0, (2)) ©.(2%) (1), (1)
(

(@) 2)) (q—l)u2(tu1q2_u1q24;1;u2q2_u2q2_u2q+tu1) 1 _q(q-l;l)uz
(@ (12)) Q(t—l)uz(—u1t2+qu23t+qu1—uﬁ-qug—t@) 1 _m
’ t
((1), (1)) (q—l)q(t—l)@%mzuﬁug) ) | glustug)
) t t
((2) (Z)) (Q—l)m(tu1q2_u1q2+§u2q2_u2q2_ulq+tuz) 1 —q(qil)ul
’ t —
((12)? @) q(t—1)us (—u2t2+qut1;+¢lul—u1 +qu2—u2) 1 _q(t—‘;#
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Vi | ((2).0) ((12),0)

(q—1)®uZ(—qui+Fqtus +tus —quz) ul

2 — 2 2

( 7( )) 2(t—1)ud( utitu —u1+qua) ZP
(@’(12)) _4g 2\q 1t4 1—U1Tqu2 qt32

1). (1 (=1 (t—1)urus (u1+us) q*uiusg
(E(;; (Q;) _ (qfl)qzuf(*qultiqu2+qtuz+tu2) ngﬁ
’ 2(t—1)u2( uti ug—tuz—ug) £i2
((12)’(&) _4a 1\g lt4q 2 2 U2 q uy

3

By using these integral forms, the five dimensional AGT conjecture can be stated in the following
form. (c.f. [39, Conjecture 3.11 and Conjecture 3.13)])

Conjecture 2.15. The norm of }K X> reproduces the Nekrasov factor:

N N
? Y — (©) @'y NIA®
<KX‘KX> L (—I)NeN(U)IAl Ht Nn(X\ )an()\ )uz AT H N,\(@’)\(j)(quz'/tuj), (2.39)
i=1 ij=1
where ey (1) = ujug - - - upn.

Definition 2.16. Call the linear operator ®(z) = ®%(z) : Fz — Fy the vertex operator if it satisfies

(1 - en(@w/2) X0 (2)(w) = (1 p~ex (@w/2)d(w)XD(z)

(2.40)
and (0] ®(w) |@) = 1. Then the relations for the Fourier components are
(X — en(@wX,),)@(w) = B(w)(XL) — (t/g)en (@wX,))) (2.41)
fori=1,2,...,N.
Example 2.17. If N =1, it is known that ®(z) exists and is given by
ooln_tnn Ool—n_—n
®(z) = exp {— ; nvl(_/jzua_nz"} exp {nl nvl_qgnanz"} Q, (2.42)

where Q is the operator from F, to F, satisfying the relation UQ = (v/u) QU.

Conjecture 2.18. The matrix elements of ®(w) with respect to generalized Macdonald functions
are

- ? iy 7 X—|i Y (X =@l X~ |
(Ky| ®%(w) |K;) £ (=1)PHWO=DIE 1 YNNI ¢ (77) M ey () M= 1l A= 1A (2.43)
N N
N @'y, () H
% | | ui |/‘L |an(lL )t NTL(,U, ) X N)\(Z),MU)(qvl/tuJ)
i=1 3,j=1

Under these conjectures, we can obtain a formula for multi-point correlation functions of ®(z)
. . . . K ) (Ky
by inserting the identity 1 = ) 5 LSVIuS]

KalKs) In particular, the formula for the four-point functions
A A

agrees with the 5D U(N) Nekrsov formula with Ny = 2N matters. An M-theoretic derivation of
this formula is also given by [69].
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3 Kac determinant and singular vecter of the algebra A(N)

3.1 Kac determinant of the algebra A(N)

In this section, we give the formula for the Kac determinant of the algebra A(N) and prove it.
Moreover, it is shown that singular vectors correspond to the generalized Macdonald functions. In
order to prove the Kac determinant, we need screening currents of the algebra A(N). To construct
them, it is necessary to realize the operator U; and the highest wight vector |@) in terms of the

charge operator QW and aéi) (t=1,...N). Let Q% be the operator satisfying the relation

[0, QY] = 6,004 5, (3.1)
|0) be the highest weight vector in the Fock module of the Heisenberg algebra such that al? |0y =0
for n > 0. For an N-tuple of complex parameters @ = (ui,...,uy) with u; = qﬁwip_%“, we
realize the highest wight vector |@) and U; as

U, = q\/ﬁaéi)p— N;l-iri7 W> = er\Ll w; Q) ‘0> , (3_2)

where 3 is defined by ¢t = ¢®. Then they satisfy the required relation U; @) = u; |i). Similarly, let
(0] be the dual highest weight vector, and (i| = (0] e~ 2L wiQ® | Thege highest wight vectors are
normalized by (0|0) = 1, and satisfy the condition of the Shapovalov form (i) = 1.1

We obtain the formula for the Kac determinant with respect to the PBW type vectors ’X X>'12

Theorem 3.1. Let det,, := det (<XX|Xﬁ>>Xﬁl—n‘ Then

N
detn, =[] [] baw @byt (3.3)

Xen k=1
P (n—rs)
< TI (s T (= ¢ ) — a7t L34
1<r,s 1<i<j<N
rs<n

where b(q) == [1;5; [T72, (1 - q~), by (q) :== [Tis: [T2 (=1 + ¢*), and m; is the number of entries
in \ equal to i. P(V) (n) denotes the number of N-tuples of Young diagrams of size n, i.e., #{X =
A .,)\(N))}X = n} In particular, if N =1,

det, = [ ba(@)bh(t71) x uj =3O, (3.5)
AFn

Corollary 3.2. If u; # 0 and u; # ¢t *u; for any numbers 4, j and integers r, s, then the PBW
type vectors |X5) (resp. (X5|) are a basis over Fyz (resp. F%).

It can be seen that the representation of the algebra A(N) on the Fock Module Fj is irreducible
if and only if the parameters @ satisfy the condition that u; # 0 and u; # ¢"t *u;. The proof of
Theorem 3.1 is given in the next section.

" The parameters ¢ and t are assumed to be generic in this section.
2The formulas for the Kac determinant of the deformed Virasoro and the deformed Wi-algebra are proved in
[70, 71].
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3.2 Proof of Theorem 3.1

It is known that the level N representation of the DIM algebra introduced in the last section can be
regarded as the tensor product of the deformed Wiy-algebra and the Heisenberg algebra associated
with the U(1) factor [41]. This fact is obtained by a linear transformation of bosons. The point of
proof of Theorem 3.1 is to construct singular vectors by using screening currents of the deformed
W-algebra under the decomposition of the generators X (i)(z) into the deformed Wyy-algebra part
and the U(1) part. In general, a vector |x) in the Fock module Fj is called the singular vector of
the algebra A(N) if it satisfies

X9 =0 (3.6)

for all ¢ and n > 0. The singular vectors obtained by the screening currents are intrinsically the
same one of the deformed W-algebra. From this singular vector, we can get the vanishing line of
the Kac determinant in the similar way of the deformed Wy-algebra.

At first, in the N > 2 case, we introduce the following bosons.
U(1) part boson

N
1—t=™)(1—p" 1 —kt1y,
D D (37)
p k=1
N
1_tTL l_pn —1)n 7k+1n
b= n(lﬂ( o Lpv=m S (=) (> 0), (3.8)
p k=1
M ... 400
b= a(()l) 4+t aéN), Q = @ ~ @ (3.9)
Orthogonal component of ag) for v/
i 1—t7" —i - 1—t" i
bgb = T“(*ZL —pl 2+1)"b/_n, b = al? + pl 2+1)"b’n (n>0). (3.10)
Fundamental boson of the deformed Wy-algebra part
; =1 —k41 —it+1 i ; i—1 ;
W =1 —p) (Zp ; nb&’j{) pp @ pO o D (> 0),  (3.11)
k=1
. . / , A ) i
h=ay) =00 QY =00 -q QY =300 (3.12)
k=1
Then they satisfy the following relations
1—g¢l"h(1 —¢=Inhya — pinl ; : i
] =~ o 0] = 0,00 = Q) ] = 0. (313)
N — "(1 = ¢~ Inl it 1— Inl)(l — t—\nl)(l — In\)
i o)~ = a™)( ) o vy (L =g P
[bn 7bm ] n (517](5n+m,0 p 2 n(l — lenl) 5n+m,07 (3'14)
. . 1 —q")(1 —t")(1 — pldiiN-1)n .
[hnZ); h%)] — _( q )( t )( pr )pNn9(1>])5n+m70’ (315)

n(l —phn)
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N N
. ) 1 » ) N .
' Q=0 =5 2T =0 Q0 =3 Q) =0, (3.16)
i=1 =1
where 6(P) is 1 or 0 if the proposition P is true or false, respectively.!®> Using these bosons, we can
decompose the generator X ¥ (z) into the U(1) part and the deformed W-algebra part. That is to

say,
Ai(2) = Ai(2)N"(2) (3.17)

. i . b/
A (2) :=sexp Z hg;‘)z_” :q*/Bhyp_%ﬂ, N'(2) :=sexp Z v, 2" :q‘/BWO, (3.18)

n€Zlxg n€ZLxo
and ' ' 4
XO(2) = WO (2)Y(z) (3.19)
, - , 1—pn ity
? — ° .« i—1 ° ? c— o n °
WOE= 3 @) M YOE = e | D e | w7
1<j1<<ji<N ne€Zzo

(3.20)
W(i)(z) is the generator of the deformed Wiy-algebra. Let us introduce the new parameters u; and
u” defined by

Hu; =1, J"uj=u; (Vi). (3.21)
Then the inner product of PBW type vectors can be written as
(X X5) = (u")Zhm OO s (polynomial in uf, ...,y ). (3.22)
Hence, its determinant is also in the form
dety, = ()2 X500 Zimn #OD) o Pyt L), (3.23)

where F(uf,...,u)y) is a polynomial in «} (i = 1,..., N) which is independent of «”. Now in [17],
the screening currents of the deformed W-algebra are introduced:

| 0 N
S@(2):=gexp Z an ~ :e*/BQ‘(*)z*/Baé), (3.24)
n#0 N
where oq(f) is the root boson defined by ozgf) = hglN_H'l) — thN_i) and ij) = ;LN_HI) — Q;LN_i).

(4)

The bosons «,  and Q(()f) commute with b/

n’

and it is known that the screening charge ¢ dzS®(z)
commutes with the generators W) (z). Therefore, § d2S("(z) commutes with any generator x ),
and it can be considered as the screening charges of the algebra A(N). Define parameters (. o by

A 490 = and o8 | A0 = 0, and set oD :=h(N =) _p(N=)_ Then |7) = X Qe |0).

For any number ¢ = 1,..., N, the vector arising from the screening current .S (i)(z),
. r .
|X$,Zg) = j(lgdz H SD () 7)), on_i =t on_iy1 (r,s € L) (3.25)
k=1

BNote that h'’ correspond to the fundamental bosons hl) ~**! in [17]
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is a singular vector. |X7(f?g> is in the Fock module Fj; with the parameter @ satisfying ur = vy for
k#N—i,N—i+1and uny_;r1 = t"on_j+1, un—; =t "vn—;. The P(N)(n — rs) vectors obtained
by this singular vector

X X9y, X =n—rs (3.26)

-\ 7,8

'

contribute the vanishing point (u; — ¢t~ "u} +1)P M=) in the polynomial F. Similarly to the
case of the deformed Wi-algebra (see [71]), by the sl Weyl group invariance of the eigenvalues of
Wél), the polynomial F' has the factor (u; — qst*’"u;-)P M (n—rs) (Vi,j). Considering the degree of
polynomials F'(u),...,u)y), we can see that when N > 2, the Kac determinant is

; i (N) (n—
dety, = gnn(g,t) x (u”)?25en Sy iO®) o H H ((u; — ¢t uly) (uf — q_rtsu;))P (n=rs)
1<i<j<N 1<r,s

rs<n
PW) (n—rs)
=gnn(e,t) x [ | (waug--un)® T (wi =@t uy)(ui — ¢ "touy) , (327
1<r,s 1<i<j<N
rs<n

where gy n(g,t) is a rational function in parameters ¢ and ¢ and independent of the parameters u;.
If N =1, det, is clearly in the form

dety = g1,n(g, 1) X (ur -+ uy)? 2 ), (3.28)

Next, the prefactor gy (q,t) can be computed in general N case by introducing another boson

A 1— .
a0 = LT (E 0, ez (3.29)
n
The commutation relation of the boson ag) is
)G 1—t)(1— g
2,0 = ! Jd-g )51-,]-, n>0. (3.30)
n

Define the determinants H (™) := det HE”L_) and H™%) := det HE";JF) with Hﬁn;i) given by the
b X i

M M
expansions
P — n,+ — N
X0 = B a gl (X =Y B (@ap (X ), (3.31)
7} aFn

where a_j and a i are

RN C VRN € 2 @ ) ()
a_y = a_/\gl)a_)\gl) ---a_/\?)a_/\g) e a_)\gN)a_/\gm I (3.32)
._ (V) (V) 2 .2 L @
ay i=-- -a/\gN)a/\gm e 3%2)3)\52) . -a)\;l)a/\gl). (3.33)

By using these determinants, the Kac determinant can be written as
det, = H™H) G, (¢, t) H™). (3.34)

Here Gy,(q,t) is the determinant of the diagonal matrix ((u]aya_jz|u)) X jen- Lhis factor is indepen-

dent of the parameters u;, and we have Gy (q,t) = [[5., ch\;l b ()b 1y (t~1). In (3.27), the factor
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depending on u; in det,, was already clarified. Hence, we can determine the prefactor gy, (g,t) by
computing the leading term in H™1) x H(=) That is, the prefactor gnNn(q,t) can be written as

gnn(q,t) = Gnlg,t) x (coefﬁcient of t(H™H) x HW )iy, uN)) , (3.35)

where we introduce the function It(f;u) which gives the leading term of f as the polynomial in
w, and It(f;uy, ..., un) = It(-- - It(It(f;u1);u2) - - - ;un). To calculate this leading term, define the

operators A®(2) =Y A(k)z*" BM(z) =% B ,—n by
k-1 ‘ )
AP (2) = exp {Z <a(k7)1 + Zp(k_z)"a(zzl> z"} , BW(z) =exp <Z Z a ) . (3.36)
n>0 ] n>0i=1

lt(H™=);uy, ... ,uy) is arising from only the operator L£*)(2) := sA;(2)Aa(p2)--- Ap(p*~ )3 in
X®)(2). Then

LF)(2) = Uy - U AP (2) BR) (2). (3.37)
Let the matrices LE{;’;) and C’/({;_) be given by
£gliy =3 L3 Aglay, Agl) =Y cagla) (Xkn), (3.38)
aFn akn

where £_; and A_; are defined in the usual way:

1 1 2 2 N N
L 5= = )(1>£( ;<1> o i(z £ )<2) E( )(mﬁ(_;(m T (3.39)
2 2
(1) (1) () (2) (N) ()
A=A <1)A YOR -A_)\(2 A e “A—/\§N)A—/\§N) s (3.40)
Then It(H™):uy,...,uy) is expressed as
t(H™ )0y, . .. uy) = det(L ;M >)det(c§/_;, N. (3.41)
R
Since the matrix L") is lower triangular with respect to the partial ordering S M oand its diagonal
AE
elements are 7 N » N » .
LX,X — ulzzizl Z()‘ )U2Zi=2 Z(A ) .. 'uf\([A )7 (346)

«xR s Lo
Here the partial orderings > and > are defined as follows:

«R

> p W oN= Z|)\(’>|>Z|u (VE) (3.42)
or (IA(I)I,---7|A<N>I):(IM”I,..-,IMN)I) and A > @ (viy, (3.43)
s ls N N )
x> i & C TN =S TP (k) (3.44)
i=K i=k
or (AL A = (1@ e™) and AP > O (i), (3.45)

o xxR

Then we have L(" T =0 unless X < J.
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we have

SN O SN O <o)
det(L(nM )) — UIZA iz X )u22)\ iz (A1) . u%,\ LAYY)) (3'47)
()
=TT = (3.48)
k=1
N kP(N)
P n—rs
=TT I w” . (3.49)
=2

The transition matrix Cg_) is upper triangular with respect to the partial ordering < , and all

diagonal elements are 1. Thus det(C’( )

57 )5 n = = 1. Similarly by considering the base transformation

to (u| By, it can be seen that

N
t(H™ P uy, .. uy) = H H u’,zpm)(n*m). (3.50)

k=11<r,s
rs<n

Therefore the prefactor gn (g, t) is

gNn(g:t) = =11 H by ()b (E71).- (3.51)

Xen k=1

Hence Theorem 3.1 is proved.

3.3 Singular vectors and generalized Macdonald functions

In this subsection, the singular vectors of the algebra A(NN) are discussed. TI‘IVIaHy, when u; = 0, the
Kac determinant (3.3) degenerates, and it can be easily seen that the vectors a /\ |t0) are singular

vectors. Since the screening operator S )(z) is the same one of the deformed Wy-algebra, the
situation of the singular vectors of A(N) except contribution arising when u; = 0 is the same as
the deformed Wy-algebra.

We discover that singular vectors obtained by the screening currents .S (i)(z) correspond to gen-
eralized Macdonald functions.'® First, we have the following simple theorem.

Theorem 3.3. For a number i € {1,...,N — 1} if un—; = ¢°*t7"un—_i+1 and the other u; are

generic, there exists a unique smgular vector ]er> in Fg, and it corresponds to the generalized
Macdonald function }PX> with

X=(,...,0,(s),0,...,0). (3.52)
That is,

XY o< [P, p.sm)0...0)) - (3.53)

5The relation between singular vectors of the SH® algebra and the AFLT basis is investigated in [72].
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Proof. Existence and uniqueness are understood by the formula for the Kac determinant (3.3) in

the usual way. Actually, the unique singular vector | XSL;) is the one of (3.25). Since the screening

charges commute with Xél), the singular vector is an eigenfunction of X(()l) of the eigenvalue Zf\il v;.

Using the relations uy = v for K # N — i, N —i+ 1 and uny—j+1 = t"ON—i+1, UN—; =t UN_;, WE
have

N
D v =€, 0,(5m),0,.,0) (U1, - - UN), (3.54)
i=1

where ey = ex(u1,...,uy) is the eigenvalue of the generalized Macdonald functions introduced in

------------

in the same eigenspace of Xél). Moreover, by comparing the eigenvalues €y, it can be shown that the

dimension of the eigenspace of the eigenvalue €, g (s)0,..0) is 1 even when uy_; = ¢*¢""un—i41.

Therefore, this theorem follows. O
~ Let us consider more complicated cases. For variables a®) (k=1,...,N—1), define the function
h(®) by
. 1 . , .
h(’)(a(k)):zﬁ (_au) —20® (= 1)l £ (N = i)a® 4 (N =i — Dal*D) 4 ... 4 a(N—l))
_ _ (3.55)
Then it satisfies a(? = b9 (aF)) — BE+D (k). We focus on the following singular vectors
N—1 rg L
1 _ N-1 - 1)y
s i= [T TLaePSOG) - sO() - SO0 s0DEN- D)), (3.50
k=1 i=1
where the parameter 7 = (vi,...,vn) is v; = V"0, v = qﬁB<N7i+l)(a§,§)p*N§rl+i, and for non-
negative integers s; and r, (k=1,...,N — 1),
1
& = /B~ i+ 1) — —=(L+sp), rv =0, (3.57)

VB

Then the singular vector ‘XF,§> is in the Fock module F; of the highest weight @ = (uy,...,un)

"oy ;o \/BE(N—ﬁLl) a’Ea _N+1
Uy Uy = ¢ ( Tvs)p 3 T

defined by u; = u ,u” =" and

agfsz =B+ — o) — \/13(1 + k), 10:=0. (3.58)

Now we obtain the following main theorem with respect to the generalized Macdonald functions
and the singular vectors of the DIM algebra. This theorem can be regarded as a generalization of
the result in [17].

Theorem 3.4. Let parameters u; satisfy u; = ¢*N—it~"N—=it"N-i-1q; 4 for all 4.
(A).If r, > rpq1 > 0for all k, then the singular vector |x7, g> coincides with the generalized Mac-

donald function ’P(@“_.’@,)\Rg > with A7y = (814 +8N_1)"™N-1, (514 Fsy_g) N-27TN-1 571”1—r2):

|Xr) o ‘P(@,...,@,AF,§)> : (3.59)

See Figure 2 in Introduction.
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(B). If 0 < rp < 141 for all k, the singular vector ‘X;’g> coincides with the generalized Mac-
donald function associated with the tuple of Young diagrams Ozz = (0, (sy |~ 2), ((sn—2 +
SN—1)N2TN=R) (s sv-)™)):

Xrs) o< [ Pors) - (3.60)
See Figure 3 in Introduction.
Proof. The proof is quite similar to that of Theorem 3.3. The eigenvalue of this singular vector is

ZUZ _ U” —h(”(sk)t—n—&- S Tk (3.61)
i=1

On the other hand, the eigenvalue of the generalized Macdonald function in the case (A) is calcu-
rated as follows. Firstly,

N-1 —
erny) = T4 Z q81+"'+5N—lt_7"N—l+l _ Z q81+"'+5N—lt_7"N—l7 (3.62)
=1
and I
uh = g M eyt y v R T, (3.63)

Hence, by using the equation —h™) (sg) + 51 4 --- + 5, = —hF1 (s1), we can see that

N-1

6@,...@,)\;“; = U,/ Z U; + U’QVGAF’;‘ (364)
=1

_ u//zqfh() sk)t THr Zk 1 Tk (3.65)
=1

This is equal to the eigenvalue of the singular vector. Also, it can be seen that the dimension of the
eigenspace of the eigenvalue €0,..01-5) 18 1 even when w; = ¢SN—it T TN=iTTIN=i—1qp g

If the condition r; > ri41 does not hold, Figure 2 is not a Young diagram. In this case, the
singular vector ‘XF, g> corresponds to the generalized Macdonald function with the N-tuple of Young
diagram obtained by cutting off the protruding parts and moving the boxes to the Young diagram
in the left side. That is, the case (B). The proof in the case (B) is exactly the same as the case
(A), so it is omitted. O

It is known that projections of the singular vectors ‘ X;7§> in the case (A) onto the diagonal
components of the boson h) correspond to ordinary Macdonald functions [17, (35)]. Hence,
ordinary Macdonald functions are obtained by the projection of generalized Macdonald functions.

Corollary 3.5. When u; = ¢*N-it~"N—it"N—i-1q; .1 for all i,
N)
P)\f-}g(pn; QJ t) ’LL| eXp an o n (@,...,@,)\ﬁg > (366)
n>0

Here, p,, denotes the ordinary power sum symmetric functions.
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4 Crystalization of 5D AGT conjecture

4.1 Crystallization of the deformed Virasoro algebra and AGT correspondence.

Next, we consider a crystallization of the results of Subsection 2.1, namely the behavior in the ¢ — 0
limit of the deformed Virasoro algebra and the simplest 5D AGT correspondence.'® In this limit,
the scaled generators

- Inl
T, :=(q/t)2 T, (4.1)
satisfy the commutation relation
[T, T == (1=t > TiTne (Rn>m>0 or 0>n>m), (4.2)
/=1
[T, To) == (L=t )Y ToiTy— (-t 1> 7T Thpe (n>0), (4.3)
/=1 /=1
[To,Tm] == (1=t )Y T fTone— (=t ¢t TpyTy (0> m), (4.4)
/=1 /=1
~ ~ ~ ~ e ~ ~
[T, Tn) == (1=t )T T = (=) Yt Ty T
(=1
+ (1=t om0 (n>0>m). (4.5)

In [74], the above algebra is introduced and its free field representation is given. Let the bosons
by, (n € Z) satisfy the relations [by,,b,] = nﬁ6n+m,0, [bn, Q] = 0ppo. These bosons can be

regarded as the ¢ — 0 limit of the bosons a, and @ in (2.6), i.e., b, = limg0an,, @ = lim;0 Q.
Then T, is represented as

~ dZ A+ A— n
where
A£(2) == exp :l:i 1= t_nb 2" 5 exp Ii - tnb 2775 KT = lim AT (pt1/22) (4.7)
= on - — n " q—0

and O[P] is 1 or 0 if the proposition P is true or false, respectively. By this free field representation,
we can write the PBW type vectors in terms of Hall-Littlewood functions @0y defined in Appendix
A

Ty k) = K"V Qa(b_nst ™) k), (4.8)
(k| Ty = k= N (k] Qa(=bn; t 7). (4.9)

Here Qy(b_n;t~!) is an abbreviation for Qx(b_1,b_2,...;t!), and |k) and (k| are the same highest
weight vectors in Section 2.1 such that K |k) = k*!|k) and (k| K* = k*! (k|.
These expressions are the consequences of Jing’s operators (Fact A.1). Because of (A.7), they

are diagonalized as
1

5The results of this section are based on the sub-thesis [73].

By, = (T\|T,) = (4.10)
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where by (t) is defined in Appendix A. Since f?,\# is non-degenerate, there is no singular vector in
the limit ¢ — 0. The disappearance of singular vectors can be understood by the fact that the
highest weight which has singular vectors diverges at ¢ = 0. The Whittaker vector of this algebra
is similarly defined.

Definition 4.1. Define the Whittaker vector |G) by the relation
T|G) = A|G), T,|&)=0 (n>1). (4.11)
Similarly, the dual Whittaker vector (G| € M & is defined by
(GIT_y = NG|, (GIT,=0 (n<-1). (4.12)

Then the crystallized Whittaker vector is in the simple form
G)=> AR B Ty = ZA2" = T (1), (4.13)
A

and its inner product is

(G|G) = ZA‘MB (1),a7) ZA‘M Ty (4.14)

On the other hand, recalling the Nekrasov formula Z ”;Srte given in (2.9) of Subsection 2.1, we can

take the crystal limit with the following trick.

Proposition 4.2. The renormalization A? = AQ(q/t)% controls divergence in the ¢ — 0 limit
(A — oo, A : fixed):

lm oz = i (4.15)
A2=R2(t/q)?
q—0
Ad(nt+m)
Zinst . — - : (4.16)
e = 2 00 - Qe [T (= )= )
Proof. Removing parts which have singularity in the Nekrasov factor, we have
Nu(Q) = ¢~ =601 N}, (Q), (4.17)
NL@Q = T ( — Qg™ 7«J)tLu(i7j)+1) I1 (QANJHI - Qt—wzﬂ‘)) : (4.18)
(i,5)€X (i.5)€n

Hence,
(A4e2)AHll g B

Zlnst — ’
pure )%; N;\)\(l)N;\M(Q)NZLM(l)NI/U\(Qil)

(4.19)

Exe=2( > g+ > i—A—lul]. (4.20)

(6,5)€A (ij)€En

28



If A\ # (1) or p # (1™) for any integer n, m, then ¢"» — 0 at ¢ — 0. Therefore, the sum with
respect to partitions A, y can be rewritten as the sum with respect to integers n, m, i.e.,

. A442\ym+n
Z;)?lsrte _ Z _ _ (A t~) _ , (421)
o N (DN (Q) N (DN, (Q71)
N;Lm(Q) — (_1)QOt—nm+%m(m+1) H (1 o th—s—I—l) ) (4‘22)
s=1
After some simple calculation, we get (4.16). O

Using these calculations, we can get the following theorem which is an analog of the simplest
5D AGT relation (Fact 2.3), and prove it more easily than the generic case.

Theorem 4.3. o B
(GIG) = Zims, (4.23)
Note that the left hand side is independent of k.
Proof. ZIlst = 711t (Q) can be rewritten as
. A4(n+m)Qnt(n+1)m
Zlillite(Q> = n m 9 (4'24)
» 2 0= @ ) [0 1= F@ = )
which has simple poles at Q = tM with —m < M <n, M #n —m and M € Z. Then
~ins A4d(n+m M
Resg_yn 200 (Q) = 2;0 Ritm z00)
Z(M) . h tTLM-‘r(TL-‘rl)m(tM _ tn—m)
(m) = Tl (= =) T (seany (B = ) T, (1 = #9)
B t(n—M)m(tm+M _ tn) (4 25)
[Teoy (1= =) T (1 — =) T, (1 — ) T (1 )
Note that on o
Z(mm) + Z(m+M7n7M) =0. (4.26)
Thus
o t( NEM)2+N-5M —r2 (t_r _ t'r)
Z( N42—M+T’NEJM _T) = NEM N+M _ . N-M _ N-M
[ (Q-t9)[L3 Q-5 O-¢)[L5 @1-)
(4.27)
is an odd function in r. Therefore
N—|M]|
2
~ins X M
Resg_ym Zpurte(Q) = Z AN Z Zé NJ)rIW+T, N-M_) =0. (4.28)
N>0 T:|M\2—N7(T?§0) 2 T

Residues at all singularities in @ of Zg}f}e(Q) vanish, but \ngfe(oo)\ < oo. Hence Zli)‘}ffe(Q) is
independent of (). Therefore,

o _ A4m
Zl?lsljce Q) = Zl?lsrte 0) = m e - 4.29
P ( ) P ( ) mZZ:OIIsl(l _tis) ( )
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O
In this paper, we discuss the crystallization only of the deformed Virasoro algebra. It is expected
that the limit can be taken for the general deformed Wi-algebra. However in the case of W3, an
essential singularity seems to appear, and at present we do not know how to take an appropriate
limit. To find an appropriate limit procedure and apply the AGT conjecture for the deformed
W-algebra [75] we need further studies. In the crystallized case, the screening current diverges,
which is one of the reasons why in this limit singular vectors disappear. Hence it may be difficult
to apply the AGT correspondence studied by [37].

4.2 Crystallization of N =1 case of DIM algebra

Next, we discuss a crystallization of the results of Subsection 2.2. In this subsection and the next
subsection, unlike Section 3, the operators U; are assumed to be independent of the parameter ¢ in
order to avoid difficulty in taking the ¢ — 0 limit. Let us realize the operators U; and the vector
|i0) as

Upi=e®’ ) [a):=[Ju?"” |0). (4.30)
=1

Then they also satisfy relation U; |@) = u; |@). Similarly (@]:=(0|[IX, ui_Q(Z). Moreover, we consider
the case that the parameters u; are independent of ¢q. The case where the parameters u; depend on
q is briefly described in Section 4.4.

At first, let us demonstrate the ¢ — 0 limit in the N = 1 case. In this subsection, we use the
same bosons by, and @Q as subsection 4.1. Since singularity in ®(z) can be removed by normalization
®(pz), define the vertex operator ®(z) by

q—0 n t—n

®(z) := lim ®(pz) = exp {Z zjb_nz”} exp { 1u_n_v_nbnz_”} (v/u)?. (4.31)

n=1 n=1

If N =1, |Py) are ordinary Macdonald functions, and their integral forms [K) have, at ¢ = 0, the
relation

1K) = lim, | K) = (—u/AET QN (bni ) [u) (4.32)

(Ky|:= lim (K] = (=) M) (4] Qi (bps t). (4.33)
q—

Hence, the matrix elements (Ky|®(2)|K,,) can be written in terms of integrals by virtue of Jing’s
operators H(z) and H(z) defined in (A.8) and (A.9). Using the usual normal ordered product s g
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with respect to the bosons b,,,!” we have

H (wyny) -+ H (w1)® () H (1) - - H(24(,))
= j(w x,z)s JHt (weny) - HT(wl)Q(:c)H(zl)~-H(z£(u)):, (4.35)
3wy, 2) = % 2 wi =t
T, 2) = <w,—twj> H (Zz'—tz) H <wi—zj>
1<]<z<€ 1<i<5 <) 11312?9))
<j<e(p
« I (EEY (e (4.36)
L<icigy \E T (t/u)z; ] w; —ux ) '
<i<l(p) 1<i<e(N)
Thus
o _ dw _
(RAD@)|R,) = (—) 0l o CE o S et (430)
1) £
Where% dz w ::]{ H i H dw; Ty ! '_‘Z*Nz(m wx::wm . ,wAm)
21/ —12 27/ —1w paiey 2w/ —12; ey 2/ —1w;’ ! ) ! ()

and the integration contour is |wy(y)| > -+ > |w1| > |z] > |21] > -+ - [z, |. This integral reproduces
the ¢ — 0 limit of the Nekrasov factor.

Definition 4.4. Set
Nu(@) = lim " Nyu((/1)Q) (4:38)
— (—Qt ) Zepe G T (1 _ Qt—w,y’)—l) ,
(7;7.7')6/1'\/2

where /i is the set of boxes in y whose arm length 4,(4, ) is not zero. For example, if = (5,3,3,1),
i = (4,2,2). This Nekrasov factor has the property Ny3(Q) = 1 for any A.

Therefore, the conjecture in the crystallized case of N =1 is

7{27“‘;':2 27r\dﬁw (w, 2, 2)z ;N)\#(v/u)x"\'_‘“‘u‘)"(—v)l"lt‘”""”o‘). (4.39)

The case of some particular partitions can be checked by calculating the contour integral (Appendix
C.3).

4.3 Crystallization of N = 2 case of DIM algebra

Next, let us consider the ¢ — 0 limit in the case of N = 2. In this case, the generator agl) of the
Heisenberg algebra is renormalized as

all) s p/26(1) (4.40)

"Let H be the Heisenberg algebra generated by the bosons b, (n € Z), @ and 1. H. is the algebra obtained by
making H commutative. The normal ordered product g g is defined to be the linear map from H. to H such that
for P € H.,

=P bn’ n Z O’ . T o Pe
P wZo  #PQi=QiPr, (4.34)

and g¢lg = 1. In the next subsection, the same symbol ¢ ¢ denotes the normal ordered product with respect to the
bosons bgf ) which is defined similarly.
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(2)

and the generator ay, ' is used as it is. By this normalization, it is possible to take the limit. Also,
the algebraic structure of A' and A? does not change. Then A and A? have the form

A(z) :=exp <ni::1 % p/? z”a(_lz) exp (— ni:; ajzmp_"/zz_”ag)> Uy, (4.41)
A%(2) := exp (— i - p“)p"/%naﬁ) (4.42)
=1 "
X exp (g:l ! _ntin p"? z”a@%) exp (— g:l (1_ntn)p”/ 22‘%512)) Us. (4.43)
Moreover, let us use the bosons bgf ) (ne€Z,i=1,2) and Q" with the relation
b, 619)] = nﬁ% Snrmos  [0,QY] =0, (4.44)

and regard b,(f ) = limg 0 ag ), QY = limg 0 Q. Let us define the generator at ¢ — 0.

Definition 4.5. Set B )

XM .= lim p'= xWM. (4.45)
Proposition 4.6. Definition 4.5 is well-defined, i.e., p%Xr(Ll) has no singularity at ¢ = 0, and its
free field representation is

X0 = %%d\/zjlz {0[n > 0]AL(2) + O[n < O]P(z)} 2", (4.46)

where 0 is defined in Section 4.1 and

Al(z) = exp {Z 1_nt_z"b(_11)1} exp {— Z ! :lt z_"bT(ll)} Uy, (4.47)

n>0 n>0
~ 11—t 11—t 1—t"
A%(2) := exp {— Z z”b(lq)l} exp {Z z"b(QT)L} exp {— Z z_”b,(f)} Us.
n>0 n n>0 n n>0 n
(4.48)
Proof. Define AL and A2 by
A(2) = Z ALp™/227m A%(z) = Z AZpr/2—m, (4.49)
nez nez
we can see A?, is well-behaved in the limit ¢ — 0 by the form of A%(2). If n > 0,
~ dz ~
XM =lim(A} + A2p") = lim A} = f ———Al(2)2" 4.50
nt =l A+ Awpt) = lim A, = ¢ o= A R)E (4.50)
if n <0,
3 dz -
1 —; 1, —n 2\ _ 13 2 _ 2 n
X0 = lim(0p 4 A) = lim A2 = f LI R (451)
and if n =0,
- dz - 5
XM =1lim(A§ + Ad) = f A(z) + A%(2)). 4.52
O = limah+43) = § I (1) + 23e) (1.52)

Thus X}(zl) is well-defined and (4.46) is the natural free field representation. O]
For the second generator, the following rescale is suitable.
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Definition 4.7. Set

X2 = lim pz X2 (4.53)
q—0
Proposition 4.8. The free field representation of )2',(12) is given by
~ dz ~
x® :7{)((2) n 4.54
n 27T\/j12 (Z)Z ’ ( )
where
X@(2) := sAY(2)A%(2)s (4.55)
1—¢t" 1—t" 1-t"
= exp {Z z”b@%} exp {— z_"bg)} exp {— Z z_”b,(f)} U1Us.
n n n
n>0 n>0 n>0

This proposition is easily obtained by calculating limg_,0 X @) (p=1/2z). We can calculate the
commutation relation of these generators as follows.

Proposition 4.9. The generators Xy(f) and )@(12) satisfy the relations

[ ~n1)7 ~n~})] =—(1- t1) ~n1—l ~,(,Brl (n>m>0 or 0>n>m), (4.56)
=1
n—1 o0
XWX =-a-HY xPxV D XVEW L1 H)XD (0> 0), (457)
=1 =1
XV, X0 = -t HY XD X - )X, (> 0>m), (4.58)
=0
—m—1 o0
XG0 X = 0 3 XYL -0 T RLED R 0> m)
=1 =1
(4.59)
XD, XD =1 - )Y x@ XY (>0, vm), (4.60)
=1
XV XD =~ - H Y (XWX, - X2 x0) (vm), (4.61)
=1
XD, X2 = -1 -t HY XV XD, (<0, vm), (4.62)
=1
% " N o (2) (2 5 2
X2, X2 = -1 - )3 (X x5, - X2 xB) (vnm). (4.63)
=1

33



Proof. These are obtained by the following relation of generating functions:

9(5) MR @) —g (S) M)Az =0, (4.64)

9 (%) PR w) - g (=) A)A%(z) = 0, (4.65)
NERw) + (9(2) 1=t ) R)il(x) = 1 =176 () sl (A%, (4:60)
M(EXP(w) —g (5) XD w)A(z) =0, (4.67)
g(2)RXD(w) - XD )R () =0, (4.68)
9(5) XD XD W) =g (=) XD W) XD (=) =0 (4.69)

and for (4.66) we used the formula
g@) +glz™) -1 -t =+1—-t"Ho(x). (4.71)

O
The algebra generated by )N(T(Ll) and )N(T(LQ) is closely related to the Hall-Littlewood functions. In
particular, the PBW type vectors can be written as the product of two Hall-Littlewood functions.

Definition 4.10. For a pair of partitions X = (A, A®), set
2 @ v () -
‘XX> =X )\(Q)Xi)\(QQ e X )\(1)X )\51) T |U> , (4'72)
_ (1) 2
(Xg| = (] - - Xi(f)X((i) X<(§)X((§) (4.73)
2

We have the expression of these vectors in terms of the Hall-Littlewood functions.

Proposition 4.11.

Xop) = (u1u2) @ ugQu0%) 1@ ( Gt ha), (4.74)
(Xl =y ™ (wgg) N (@) Qu (07471 Qu(bY5 17, (4.75)
where
P =M 452y =3 (5 > 0), (4.76)
o) =01, b)) =) 1 5@ (> 0). (4.77)

The vectors X )(1>X(_1;gl> x -X(_??)X(_?g) --+|@) do not have such a good expression. This

proposition is proved by the theory of Jing’s operator. Then the vectors |)~( 5) are partially di-
agonalized as the following proposition. Furthermore, with the help of Hall-Littlewood functions,
we can calculate the Shapovalov matrix Sy ;= (X 5|Xz) and its inverse SME,
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Proposition 4.12. We can express Sy i by the inner product (—, —)o; of Hall-Littlewood functions
defined in Appendix A :

@) 4o(u®) LOD) LD
SX,,; :(uluQ)E(A D)+e(u )Ui(/\ )ug(u ) (4.78)
1 —1 1
) <QA<2) (Pnit™ ), Que (—Pnit )>07t71 NGIOR
SV = (uyug) O ) O (4.79)

b, ()
X
b (E )by (t71)

Proof. (4.78) follows from Proposition 4.11. (4.79) can be obtained by the equation

Z (@Qx(pn3t), Qu(_pn?t»zz((t?ﬂ(_pn;t)’ Qy(pn;t»o’t =b(t)0x, (4.80)

Qe (=it ™), Qe (Prst™)) Sy -
12 0.t 1 M

which is shown by inserting the complete system with respect to Q,(—pn;t) into the equation
(@x(Pn; ), Qu(pn; t)g s = bA(E)0x - -
Existence of the inverse matrix S* leads linear independence of | X 5)- Since there are the same

number of linear independent vectors as the dimension of each level of Fy, we can see that |X 5)
forms a basis over Fj.

Proposition 4.13. If ¢ is not a root of unity and uj,us # 0, ’XX> (resp. ()N(X|) is a basis of Fgz
(resp. F7).

Next, let us introduce generalized Hall-Littlewood functions which are specialization of gener-
alized Macdonald functions and give some crystallized versions of the AGT conjecture.

Definition 4.14. Define the vectors |}5X> and <15X| as the ¢ — 0 limit of generalized Macdonald
functions, i.e.,

Py = lim Py (Pl = iy (4.81)

We call the vectors |ﬁX> generalized Hall-Littlewood functions.

These are the eigenvectors of X(gl):

XMy = &Py, (PIXY = By (4.82)

Moreover the eigenvalues are

2 g(A(k))
Gy=er =Y w [1+(1—t) Y 7], (4.83)
k=1 i>1

However there are too many degenerate eigenvalues to ensure the existence of generalized Hall-
Littlewood functions. It is difficult to characterize |Py) as the eigenfunction of only Xél). For

example, X = ((1),(2)) and /i = ((2), (1)) have the relation X;ﬁ, but é5 = é;.'8

8Definition 4.14 is given under the hypothesis that the vector |P;) has no singulality in the limit ¢ — 0. If we
can show the existence therem of both generalized Macdonald and generalized Hall-Littlewood functions by using the
same partial ordering and the same basis, this hypothesis is guaranteed.
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Example 4.15. Let us define the transition matrices (6Xﬁ

ZC HPm Ot ),
P~\—Zc~ u!H o (09 1).

Then up to the degree 2 the matrix elements ¢y . are given by

) and (5*X

ﬁ) by the expansions

(4.84)

(4.85)

MK
N\ [[0.1) ((1).0)
G 1 =
((D,0) ] 0 1
M [ (0,2) 0,0%) ((1),1) ((2),0) ((1%),0)
@, (2)) 1 0 0 iz 0
(®7 (12)) 0 1 tu1u2u2 tu1uzu2 (ul—u;)qéful —U2) .
(D, 1) o 0 1 —1 — ik
((2),0) 0 0 0 1 0
((12),0) 0 0 0 0 1
Up to the degree 2 the matrix elements E*Xﬁ are given by
i [ (1,0 @)
(.0 1 i
@, @) o 1
M (2,0 (12,0 ((1),1) ©,2) @, (1%))
((2),0) 1 0 1—t¢ g 0
((12)7®) 0 1 tuzu—Qul m .
(.| o o 1 0
(0,(2)) 0 0 0 1 0
(0,(1%)) 0 0 0 0 1

Similarly to the case of generic ¢, we define the integral forms of generalized Hall-Littlewood

functions and give a conjecture of their norms.

Definition 4.16. The integral forms |I~(X) and <KX| are defined by

= ayl X o< IPy),
i

(K5l = By Xal o< (Px],
7

az .5y =1

B0,y =

: (4.86)

1. (4.87)

Note that the coefficients ay X,((1151),0) and BX,((UXI),@) can be zero at ¢ = 0.
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Conjecture 4.17.

2
Sy 2 No21AM] 2 A3 ) ) -
(Ky|Ky) = (ulu2)\)\|u1‘ |u2\ lt 2(n(AM)+n(A@))) H N/\(i),)\(j)(ui/uj)- (4.88)
ij=1
Next, let us define the vertex operator at crystal limit.

Definition 4.18. The vertex operator ®(z) = i)g(z) : Fz — Fgz is the linear operator satisfying
the relations

X(Vd(2) = d(2) XD — vy vy 2 0(2) XY, (n<0), (4.89)
Y No(2) = ()X (n>1), (4.90)
XDd(z) = B(2) X2 —v1 02 20(2)XP?,  (¥n), (4.91)

(| ®|d) = 1. (4.92)

The existence of such an operator is shown by the renormalization ®(z) = @(p%z). In the
relation of ®(z) and XT(LZ'), it is understood that this renormalization is appropriate by considering
the shift of z such that ®(z) and not all X,(f) are commutative and the relation does not diverge.
We give some simple properties of the vertex operator ®(z).

Proposition 4.19.
1B(2) |7) = { é—fulvgulugz) , A= (0,(1")) for some n, (4.93)

otherwise.

For any n > 1,

V1V22

n
( 1 ) (v1+v2+u1—|—uQ), 1=1,
n (4.94)

(’0111)22: (uluQ - U1U2)7 Z == 2

These follow from the commutation relations of ®(z). Especially note that the three-point
function which has generators XY on the left side, i.e., (X X|<i>(z) |@), remains only in the case of
special Young diagrams (0, (1™)) with only one vertical column.

Conjecture 4.20. The matrix elements of ®(z) with respect to the integral form |K 5) are

(=

~ o~ ?

(K5 (2)| Kp) (u1U2U102z)|/\| 1l 2'“(1” 2'“(2)|(u )l =2 (D)) (4.95)

1)l
2 ~
H Ny ) (Vi)

Under these fzonjectures 4.17 and 4.20, we obtain the formula for correlation functions of the
vertex operator ®(z). For example, the function corresponding to the four-point conformal block is
YT (| (22)| K 5) (K5|®(21) )
(W] @7 (22) ®5(21) |G) = e
! “ Z (K| K5)

7 Z <u1u221 >|/\| H N, A(J)(wz/UJ)NW) @(UZ/UJ

W1 W222 =1 N,\(z') AG) (vi/v;)

N (4.96)
i,j:l N (4) )\(J) (,UZ//UJ)

o < U1U221 >|/\| 2 q) ) (wz/vj)



(4.96) is the AGT conjecture in the limit ¢ — 0 with help of the AFLT basis. However, in the
crystallized case, we can prove another formula for this four-point correlation function by using the
PBW type basis. At first, let us show the following two lemmas.

Lemma 4.21. The matrix elements with respect to PBW type vector |X@7>\) and (V] are

(78 Fop) = (-1 () M iﬁ(tk ). (1.97)
Proof. For i > 2, by (4.91) and the relation XEQT)LH)N((_? = t_lX(_%ng)LH,
@) (X2)" = () @e)E, (X2)" (4.98
N <Uli22> ] 2(e) (X(j)>m_1 X(—Zi)+1
N (vul)gz)mtm(ml) (9 2(2) <X(_21)+1>m
Repeating this calculation, we get
(7 (=) (X(j.))m - <U171)22>mk $3mm=Dk 151 §(2) (Xﬂk)m , (4.99)

where 0 < k <17 — 1. When ¢ = 1, by similar calculation

(5 B(2) (X(_?)m|a>:<— ! >(v1v2—t_m+1u1u2) (7 B(2) (X?f)mﬂa)

V1022
I \"
= (— > H(v1v2 — " g ). (4.100)
VU2
k=1
By using above two formulas (4.99) and (4.100), if we write A = (¢7",45'2,...,4") (i1 >ig > -+ >

ll)7

mi(i1—1i2)
@AKo = () - hmemDi)
0.A V1V22

< d(z) (X)) (X)) (X))

1 ml(il—ig)-i-mg(iz—ig) N ‘ . A
_ < > t—§m1(ml—l)(u—ig)—a(m1+m2)(m1+m2—1)(7,2—i3)
V1022

() (X)) (RE) ™ (24)

w2\ o
= (1)t < ) g " o109 — uqug). 4.101
() (= TT ¢t ores = e (4.101)
O
We have explicit form of formulas for some parts of the inverse Shapovalov matrix.
Lemma 4.22.
Alg—n(A —|A|—€(x
GO0, _ g@),0,0M) _ (DN (wgug) A (4.102)

b)\(t_l)

38



Proof. In this proof, we put s = [\|. Hall-Littlewood function Q(is)(pn;t) is the elementary
symmetric function es(pp) times bs)(t). Elementary symmetric functions have the generating

function
> zPer(pn) = exp {— > (_;)npn} : (4.103)
k=0

n>0

Hence by the r = 0 case of Fact A.2,

z" 0
<€S(_pn)aQ>\(pn;t)>0t = (_1)8 €xp Z n A Q)x(pn;t) (4-104)
’ 1—1t"dpy,
n>0 coefficient of z¢
R O ) -
_ (_1)stn()\).
Therefore, the lemma follows from Proposition 4.12. O

We give other proofs of this lemma in Appendix C.1, and the form of S®(AD):(2) can be found
in Appendix C.2. By the property (4.93), Proposition 4.12 and Lemmas 4.21 and 4.22, we can show
the following theorem.

Theorem 4.23.

(] B (22)®F (1) ) = D (D (22)] X3) SV (K| B(21) )

s . Ay, o ~ .
Z<w|‘1’(22) | X A) SODCAEN (XY 1y | @(21)] )
X

€N) k—1wiw
>|>\| [T (1 i) 105,

_ Z ( UL ULZ]
T wWiW229 t2n(>‘)b)\(t_1)
In this way, the explicit formula for the correlation function can be obtained, where we don’t
use any conjecture. The formulas (4.96) and (4.105) are compared in Appendix C.4. We expect
that these works will be generalized to N > 3 case.

4.4 Other types of limit

Finally, we present other types of the crystal limit. In this paper, we investigated the crystal limit
while the parameters u;, v; and w; are fixed. However, it is also important to study the cases when
these parameters depend on q. For example, let us consider the case that u; = p*Miug, v; = p*Aivg,
w; = p~Mit2w! (M;, A; € R) and u}, v}, w! are independent of q or fixed in the limit ¢ — 0. Let
M;+1> A; > Mjio for all 4,5 € {1,2} and A; = Ay. Then the Nekrasov formula for generic ¢
case (N = 2)

. |X\ 2 N, j w; tv )N, V; /Tu;
Zinst Z<U1U22’1> H (Z),MJ)(q /tvj) A(>,(Z)(q [tu;) (4.106)

Np=4"" L2\ wyiweze Ny a0 (qui/tvj)

ij=1
depends only on the partitions of the shape X = ((1™), (1™)) in the limit ¢ — 0, where (M) = A

w1 w222

is fixed, and coincides with the partition function of the pure gauge theory (4.16):

Iy — 2 (4.107)

4—0 pure’
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where @ = v} /v5. Hence, we expect that the vector
(z2) |u) (4.108)

corresponds to the Whittaker vector in the section 4.1 in this limit, though we were not able to
properly explain it. In this way, by considering the various other values of M; and A;, we can find
special behavior of Z}\I/l;t=4 and the conformal block (@] ®(22)®(21) |@) and may prove the relation.
These are our future studies.

5 R-Matrix of DIM algebra

5.1 Explicit calculation of R-Matrix

In general, a bialgebra H is called quasi-cocommutative if there exists an invertible element R €
H ® H such that for all z € H,
A°P(z) = RA(z)R™L. (5.1)

This R is called the universal R-matirx. The DIM algebra is quasi-cocommutative [42]. In this sec-
tion, we explicitly calculate the representation of R. Moreover, the expression of its representation
matrix is generally conjectured.!”

The point of calculation is to make use of the condition that the generalized Macdonald functions
are the eigenfunctions of Xél), to reduce the degree of freedom of the matrix in advance. In this
section, we formally write the universal R-matrix as R =), a; ® b; and set Ri2 =), a; ® b; ® 1,
Roz =>,;1®a; @b, Riz =Y ;a; ®1® b;. Occasionally, we explicitly write the variable of the
generalized Macdonald functions like

}Px> = )PX (ul, e uN‘q,t a, ... ,a(N))> , (5.2)
and the PBW basis of the bosons is written as
AN O o O @O o (N) (N) =
lag) = a_/\gl)a_)\gl) a—/\il)a—Aél) a—/\gN)a—/\éN) ) . (5.3)

Firstly, by definition of R, we have

Puruy (Aop(x(—)i_) R) |PAB) = Puius (RA(«’L’H)) |PaB) (5.4)
= €AB Pujus (R) |PAB>

Here puuy = pu; ® puy,- The formula for the coproduct of the DIM algebra and the defini-
tion of the representation p, are given in Appendix B. Hence, py,u, (R)|Pap) are eigenfunc-
tions of py,u, (A°P(z{)). By comparing the forms of py,u, (A°P(z7)) and X(()l) = purus (A(2])),
the eigenfunctions of py,q, (A"p(scar )) are obtained by replacing a(!) with a® and wu; with uy.

Moreover, by checking their eigenvalues, it can be seen that py,., (R)|Pap) are proportional to
‘PBA (’LLQ, Uy ‘qa t‘a(z)a a(l)) >:

Pujus (R) ‘PAB (ul,ug‘q,t‘am,a@))> =kap ‘PBA (ug,ul q,t

a(2),a(l)>> , (5.5)

where kap = kap(u1,us|q,t) are proportionality constants. By this property, the representation
matrix of py,., (R) is block-diagonalized at each level of the boson aq(f ). The proportionality con-

stants k4p can be calculated by using the generalized Macdonald functions in the N = 3 case.

9The results in this Section are contribution of the author in the collaborations [59, 60].
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Similarly to the N = 2 case, from the relation

(AP ®id) o A(zf) = Ri2(A ®id) o A(x] )Ry, (5.6)
we have -
Puiusus (R12) ’PABC> - k1(4B)C' ‘PBAC(U27 Uy, U3|q, t‘CL(2), a(1)7 a(3))> ) (57)

where Py usus = Puy @ Pus @ Pus and k,(qu?c are constants. Since the generalized Macdonald functions

satisfy
q, t‘a(1)7 (1(2), a(3)>> = ‘PAB (u17 uz\4, t)a’(l)a CL(2))> ) (58)
the proportionality constants have the relation kﬁllé)w =kap.
For example let us describe the calculation of the representation matrix at level 1. The following
are examples of Pypc at level 1:

‘PABQ) (Ul,uz,us

1Pp.0.1)) lag,o,11))
|Poge) | = A(ur,uz,uz) | lagpge) | (5.9)
| P1)0,0) lap,0,0)
1 — (g—t)us _ (g—t)us(quz—tusz)
\/?t(uz—ug) qt(ul _US)(US_U«Q)
A(uy, ug,us) := 0 1 _(Q*t)\/?u2 . (5.10)
q(u1—u2)
0 0 1

By the above discussion, if we set the matrix

(12)
k@,@,[l] 1(; 0
B(12) .— 0 ké},[l)],@ (1(;) A(12)(U1,U,2,’U,3)A71(U1,UQ,Ug), (5.11)
0 0 kyog
100 100
APy ugug) = 0 0 1 | Aug,up,uz) | 0 0 1 |, (5.12)
010 010

then the representation matrix of py,u,us(R12) in the basis of the generalized Macdonald functions
is the transposed matrix of B(12);

puruzus(R12) ([Pog)  [Poe) 1Puow) ) = (|Poom) [Pope) |Puse) ) 'BY.  (5.13)

The constants k:g?) are determined as follows. At first, since scalar multiples of R-matrices are also
R-matrices, we can normalize as k:glz) = 1. This means that py,., (R)(|@)) = |@). Next, we consider

the base change from |P4pc) to the bosons |aapc):

B =" A(uy, ua, uz) 'BMD AT (g, ug, us). (5.14)
Then BU2) is in the form
1 00
B2 = [ 3™ « « |, (5.15)
bgu) *
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where b3 is a function of kl(12). Since for the action of Rz to a§3), variables agl) and a?) should

212) = bgu) = 0. By solving these equations, we can see that

\/%(quz — tuy) La2) t(ur —u2)y/ ¢

not appear, we get equations b

A - V7 5.16
! 2 q(u1 — u2) ’ qui — tug (5.16)
Substituting this value into the matrix (5.15), we have

1 0 0

=~ Vitm—u)  (g-t)
B(IQ) = 0 (;U]_ftuz qglftillll,lg . (517)

0 lamtw  V{tln—u)
qui—tuz quil—tuz

In this way, we obtain the explicit expression B12) of representation matrix of universal R at level
1. Of course, it is possible to calculate the representation matrix of Rs3 in the same way, but by
using symmetry with respect to a? at different i, we can easily understand the forms of Ro3 and
ngi

Vituz—us)  (g=t)us Vitm—us) o (=t

0
¢ —t —t —t
B | Gl e |, B "0 0 T | sag)
qu2—tus qu2—tus q _
(g-1) VALCIST)
0 0 1 s 0 YL

Indeed, we can check that they satisfy the Yang-Baxter equation
B12) 5(13) 5(23) _ B(23) 5(13) g(12). (5.19)

Incidentally, in the basis of the generalized Macdonald functions,

1 0 0
L p(12) us(g—t)(—tuiy/T+qusy/THaui—qus)  /Tlqua—tu1) uy(g—t)
B = qt(ur—u3)(uz—uz)y/ 4 q(u1—uz2) qui—tuz
. us(g—t)(qua—tur) /1 (qPuruz+qtuf +qtud —Aqturus+tiuiuz)
qt(ui—u2)? g(u1—u2)(qui—tua)

(5.20)

ug(q — t) (q2u2u3 — tzugﬂ + tZUQU3\/g + qtu% + qtuluzﬂ — 2qturus — qtulug\/? + qtuius — 2qtusus + t2u1UQ)
T = .

qt? (ur — u2)(ur — us)(uz — usz)\/<

(5.21)
The representation matrix of (pu, ® pu,)(R) is the 2 x 2 matrix block at the lower right corner
of B12) or B2 For example, in the basis of generalized Macdonald functions, its representation
matrix is

_ VHqua—tus) (g—t)us
q(u1—u2) qui—tusg (5 22)
(g—t)ua(qua—tuy) \/g(mU2q2+tU?q+tugq—4tu1u2q+t2mU2) ) )
0 gt(ur—ug)? q(u1—uz)(qu1 —tus)

Next, let us explain the case at level 2. The generalized Macdonald functions at level 2 in the
N = 3 case are expressed as

(1Poo) |Poopa) 1Popnn) [Pae) 1Pogne) 1Popae) 1Panpe) [Peee) 1Paiines) )

= A( 1P WPhony) WPomm) Poow) Pome) Pipue P Phee Pl ).
(5.23)
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where |P/5) denotes the product of ordinary Macdonald functions Pa(a"))Pg(a'?)Pc(a'®) i),
and the matrix A is given in Appendix D. In the same manner, we can get the representation matrix
of R. At first, B12 at level 2 is in the form

10 0 0 0O0O0O0OO0

0 1 0 0 00 O0O0O0
b31 b32 * * 0 00 0O
bgg by x % 0 0 0 0 O

§(12) = b51 b52 b53 b54 * ok ok ok ok (5.24)

b61 b62 b63 b64 * ko %k X
b71 b72 b73 b74 * ok ok ok ok
b1 bsy bgs bgg x * x x %
bgl bgz bgg bg4 * ok ok ok ok

Then we can find the proportionality constants such that all b;; are zero just by solving equations
bip =0 (i =3,4,...,9). We have also checked that the representation matrix B% obtained in this

way satisfies the Yang-Baxter equation up to level 3. The explicit expressions of R at level 2 are
written in Appendix D.

5.2 General formula for R-matrix

The proportionality constants are in the form

ﬂ(quz — tuy) t(ug — u2)\/%

k E—— k = 2
0.(1) gur —ug) (10 qui — tug (5:25)
qu2 — tuy) GPus — tuy (qua — tuy) (quo — t2uy
Ko, (2) = ( ), ko, (1,1) = ( ) (5.26)
qt(ur — u2)(qua — uy) qt(ur — ug)(tug — ug)
k _ (qua —w)(tuy — up) _qt(wn — up)(qui — ua) (5.27)
-0 (qu1 — ug)(uy — tug)’ 29 (qui — tug) (¢2u1 — tug)’ '
qt(ur — ug)(tug — uy)
= — . .2
Fano (qui — tug) (qui — t?us) (5.28)

These proportionality constants can be simplified by using the integral forms of the generalized
Macdonald functions |Kap) = |Kag(u1,u2|q, tla®), a(2))>, which are defined in Section 2.2. Define
its opposite version by

\K,‘Z%(ul,uzlq,tla(l),a<2>)> = ‘KBA(U%U1|Qat|a(2)’a(1))> (5.29)
and the constants Cap = Cap(u1, u2|q,t) by

|Kap) =: Cap |Pap) - (5.30)

By these renormalized functions, the relation (5.5) can be written as

Puyus (R) (|KAB>) = kap

CAB(UlaU2|q’t) op
Coalis wla.D |K5h) (5.31)
Then it is conjectured that

Cap(ui,uzlq,t) 2
Cpa(ug,u1lg,t)
This equation has been checked at [A| +[B| < 2. Therefore, the representation matrix R; ; of R
in the basis of the integral forms can be expressed as the following conjecture.

kag

1. (5.32)
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Conjecture 5.1.

—

? 1
= > <Kﬁ|K§p> . (5.33)

(Kl K

Since the formula (5.33) means the expansion coefficients of [K°P) in front of | Ky), by using the
transition matrix defined by

‘KX> Z.A ul,uQ > (5.34)

and its opposite version A% (WA, (u“),u@))(ul’ ug) = ./4.()\(2)7)\(1))’(#(2)7“(1))(UQ, u1), the R-matrix can
be calculated by the matrlx operation

Rx,ﬁ = ZA;I’)X(UMW)A,}}(ULW)- (5.35)

v

This formula gives a much simpler way to get explicit expressions as compared with deducing them
from the universal R-matrix [42]. Incidentally, the proportionality constants are conjectured to be

2 rqys(A+B) Nap (5*) () NBA(W) 5.36
= (%) Nas () (> Npa (%) o

q
where Nap(Q) is the Nekrasov factor defined in (2.10), Section 2.1. The second equality follows
from the formula (eq.(2.34) in [47], eq.(102) in [76])

Nag (ﬁ@m) = Npa Q/f@ﬂ q, ) Q'A”Bf;;g:; (5.37)

where f4(q,t) is the framing factor [77]. The equation (5.36) has been checked up to level 3.

6 Properties of generalized Macdonald functions
6.1 Partial orderings

*
The existence theorem of generalized Macdonald functions can be stated by the ordering > in Defi-
nition 2.10. In this subsection, we introduce a more elaborated ordering. Using this ordering, we can
find more elements which is 0 in the transition matrix c5 ;, where |Ps) = i G 1L Puo (a” @ n) @),
and get more strict condition to existence theorem.

Definition 6.1. For N-tuples of partitions X and i,

N
X € X3F and  {v|v 2 MA@ w5 u@ p = DO+ 3T (AP - 6]} £ 0
B=a+1

for all . Here A D p denote that A\; > pu; for all i.
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Example 6.2. If N = 3 and the number of boxes is 3, then

(0,0,(3)) (0,0,(2,1)) 0,0,(1,1,1))
(0,(1),(2)) (0,(1),(1,1))
//)&{\\)
(ﬂ(?%(h)\&&@)) ((1),0,(1,1)) (0,(1,1),(1))
| T |
(0,(3),0) ((1),(1), (1)) (0,(2,1),0) (0,(1,1,1),0)
|
((1),(2),0) ((2),0,(1)) ((1,1),0,(1)) (1), (1,1),0)
s S
((2),(1),0) ((1,1),(1),0)

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

Here X — 1 stands for X .

By using the following conjecture, we can state the existence theorem.

dz
C t 6.3. Let n® .—7{
onjecture et n,, 27“/_71277
0)

213 ¢,t) |u), there only appear partitions p contained in A, i.e.,

) (2)z"™. In the action of n,g) (n > 1) on Macdonald

functions Py (a'"

1Py q.t) ) = Y expPula):q,0) |77) - (6.1)

HCA

Theorem 6.4. Under the Conjecture 6.3, for an N-tuple of partitions X, there exists an unique
vector ‘PX> € Fiz such that

HP)\() n?qa + ZC)\MHP() 7n,q, >, (62)

u<)\
9 1P5) = ex | Py) - (6.3)
Proof. At first, ng) satisfies
ny) Pa(a)) |@) = exPr(@)) @), 0§ Pa(a®)) |d@) = Pa(a")) @) (6.4)
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. d .
If we act Ag := % ;Al(z) on the product of the Macdonald functions, then

2m/ =1z
HP)\(]) |u N0 H Py (a (j n) [T) (6.5)

j=1
+ Z cg\(i)’#(a(j%, .. .,af 1) HP o (
pCAG) g

where cw) (a (_17)1, e ,ag:ll)) is a polynomial of degree |\?| — || of a_%, e a(igl).zo Hence

N

XTI Pao(a9)) @) = e H Py (a9)) Ji) + Z o H P (aY) 1) . (6.6)

=t u-< X

Therefore one can easily diagonalize it and we have this theorem. O

In the basis of monomial symmetric functions |ms) := va 1 mw)( ) |t0), we have

§9 ms) = XD dy; HR@(@%)I@ (6.7)
=1

X>fi

where
N N def o «
Xz B (O, ) = (O] ™)) and A > @ (6.8)

(1 <Va < N). Thus the partial ordering *z* defined as follows also triangulates Xél).
A=p 4 there exsist fi and 7 such that X > 7= S5 >7. (6.9)

It can be shown that the partial ordering t is equivalent to the ordering > introduced in [39].
Therefore Theorem 6.4 supports the existence theorem in [39, Proposition3.8].

6.2 Realization of rank /N representation by generalized Macdonald function

A representation of the DIM algebra called rank N representation is provided in [44] in terms of
a basis |, X) called AFLT basis. This rank N representation corresponds to the N-fold tensor
product of the level (0,1) representation described in Appendix B. The level (0,1) representation
can be considered as the spectral dual to the level (1,0) representation which is realized by the
Heisenberg algebra. In this subsection, based on this spectral duality we present conjectures for
explicit expressions of the action of ZL‘J:EI on the generalized Macdonald functions, which are defined

to be eigenfunctions of the Hamiltonian Xo(l). We can also conjecture the eigenvalues of higher rank
Hamiltonians on the generalized Macdonald functions from those of the spectral dual generators
provided in [44]. Our conjectures mean that the generalized Macdonald functions concretely realize
the spectral dual basis to |, X) in [44].

2That is to say, for the operator O such that [0,a”)] = na¥) the polynomial [N ., satisfies [0, ¢\ u =
A1 =1l -
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Action of mil on generalized Macdonald function

Although we already define the integral forms }K X> of the generalized Macdonald functions, let us

use another renormalization |]T4/ 5) of them, which is defined by

N
(k)
=Py x I Mosow/w ] I ( (1= =iy i, (6.10)

1<i<j<N k=1 (i,5)ex(®)

where Ny, (u) is the Nekrasov factor. This renormalization is the almost same as |Ky). Their
difference is conjectured to be the scalar multiplication of only monomials in parameter g, ¢ and w;.

It is expected that the basis |M )5 corresponds to the AFLT basis?' in [44] and realizes the rank
N representation through the spectral duality §. That is to say, for any generator a in the DIM

algebra, the action of p%N) oS(a) on the integral forms ]]\7 5) is in the same form as one of prankN ()

on the basis |, X) [44], where prankN .— pq(ﬁ’l) ®--® pq(g\}l) o AW). Indeed, we can check that the
action of :CL on the generalized Macdonald functions is as the following conjecture. Let us denote
adding a box to or removing it from the Young diagram X through A(X) and R(X) respectively.
We also use the notation x(g; ;) = ugt 171 for the triple z = (£,4, j), where (4,5) € A is the
coordinate of the box of the Young diagram A\(©).

Conjecture 6.5.

— oy~ — Ly~
Xy L EI), xW = Y d ), (6.11)
|]=[x-1 |Ail=IX]+1
ADid ACH
where
[T, ca (X = xaxy ' (g/1)) .
&) = g(r) el L we X\ (6.12)
o HyeR(X)(l_Xa:Xy )
y#£T
_ I1 (1= xyxz ' (g/1)) -
e L , wefi\X (6.13)
H HyeA( )(1 Xy Xz )
y#T
and for the triple (4,1, 7), we put
N—¢ £-1
(+  _ N+¢ N—0)i (—N+1)j L =1 we+n =) _ ¢, =1 (0-2)i (1-0)5 1 lg=1 Uk
Sty = (DN 0 H]évl“v Seag = (CD'p 2 (I
(6.14)

These actions of Xill) in this conjecture come from the corresponding actions of the generators
f1 and ey in [44] respectively, i.e., z; and a:iF in our notation, which are the spectral duals of :zc;r

and xfl. Incidentally, introducing the coefficients c%iﬁ) = c&i (q7 tluy,...,uy) by

N (1 _qufktjtu T —itly
X

Nuo) uti “J/ ui) H I, )eut )
N o (uj/u; AR ATy e

1<icien a0 a0 (/) ) [ jyexm (1= g —7t% )

210Originally, the AFLT basis is defined by the property that their inner products and matrix elements of vertex

operators reproduce the Nekrasov factor. In [39] the integral forms M. 5 were already conjectured to be the AFLT
basis in this original sense.

E)
i (6.15)
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ie., Xill) ’P~> =) &) ‘P,;>, we can further conjecture that

_CE;()N)/’m“u(1)/)7()\(N)/7m’>\(1)/) (t_la q_1|p(N_1)/2uNa e 7p(N_1)/2u1)' (616)

Conjecture 6.5 with respect to X fl) and the formula (6.16) are checked on a computer for [X| < 5

for N =1, for || < 3 for N = 2,3 and for |X| < 2 for N = 4. Conjecture 6.5 with respect to X(_l1
is also checked for the same size of fi.

~

Higher Hamiltonian

For each integer k£ > 1, the spectral dual of d)lj is Hy defined by Hy = Xél) and

Hy = [X(11)7 [Xo(l)v T [X(gl)7X§1)] ' Ha k> 2. (6-17)
—_————

k—2

According to [40], Hy, are spectral dual to w: and consequently mutually commuting; [Hy, H;] = 0.
Thus the generalized Macdonald functions ’PX> are automatically eigenfunctions of all Hy, i.e.,
Hy, |PX> = e(Xk) }PX>, and Hj can be regarded as higher Hamiltonians for the generalized Macdonald
functions. Since Hj, are the spectral duals to 2’; H, =8 (w,':), their eigenvalues are expected to be

Conjecture 6.6.

0 2 =gt 1A -t HHt

N
dz
\ Bt (u;2)z7F 6.18
R 1—p! 7{%\/—12}1 Ao (wiz)27%, (6.18)

where B (z) is defined in (B.21).
(k)

The eigenvalues €5 correspond to those of the rank N representation of the generators 1#; in

[44]. In the k = 1 case, the conjecture (6.18) can be proved. We have checked it for |X| < 5 for
N =1, for |\| <3 for N =2, for |A\| <2 for N =3 and for |\| <1 for N =4 in the k <5 case.

6.3 Limit to S deformation

In this subsection, we show that the generalized Macdonald functions are reduced to the generalized
Jack functions introduced by Morozov and Smirnov in [28] in the ¢ — 1 limit (see also the sub-thesis
[78]). Although the scenario of proof of AGT correspondence is given in [28], the orthogonality of
the generalized Jack functions are non-trivial since there are degenerate eigenvalues. The Cauchy
formula used in the scenario of proof can not be proved without the orthogonality. However,
the eigenvalues of generalized Macdonald functions are non-degenerate. Hence, we can prove the
orthogonality of the generalized Jack functions by using the limit in this section. When taking this
limit, we set u; = ¢% (i = 1,...,N), t = ¢°, ¢ = € and take the limit & — 0 with § fixed. To

expose the i dependence of the generators ag) in the Heisenberg algebra, they are realized in terms

of N kinds of power sum symmetric functions pg\l) =Tt pg\l}z with pg) => (ml(l)> in the ring of

symmetric functions A®Y in the variables a;,(:) (t=1,...,N, ke N):
, 1 — g , .
= n q i., a(f)n = pld) (n > 0). (6.19)
1—tn 3p(2)

n
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Since the operators U; become parameter u; in the representation space Fjz, they are transformed
as

U, — u; (6.20)
from the beginning in this section. With the above transformation, the generator X(()l) can be

regarded as the operator over the ring of symmetric functions A®Y. Define the isomorphism ¢ :
]'—g — A®N by

'—)p)\ Hpk(1)7 (6.21)
where ‘ax> is defined in Section 5.1. The inner product (—, —), , over A®N is defined by
N oA - qu
<px,pﬁ>q7t = 6X,QH 2\ H — o 2y = H kK™ my ). (6.22)
i=1 k=1 1—1"% k>1
This inner product naturally realize the one over the Fock module F3, i.e.,
<vaPﬂ>q,t = (azlag) - (6.23)
Let X(()I)l be the adjoint operator of X(()l) with respect to the inner product. Since the generalized
Macdonald functions Py:=( ‘ PX>) have non-degenerate eigenvalues the orthogonality clearly follows:
XD — <P§,Pﬁ> =0 (6.24)
(1L

of the eigenvalue €.
Now let us take the ¢ — 1 limit. At first, consider the % expansion of X (z). By (1 —¢")(1 —
t"q~")/n = O(h?) and (1 —t~")/n, (1 — ¢") = O(h), we have

where P)’\f is defined to be the eigenfunctions of the adjoint operator X

dz (1—t~ ")(1 —q") 4 O
I ) =1 6.25
%271’\/—12 * Z ( Pn 8p(z) ( )
1 (1—t™)(1 —t"¢™™)(1 —¢" Gk n 0
ZZ ( it n i )(t/ p?%k) (i))
k=1n=1 8pn
1 A=t =M =" oo O
+ < )( 1 )pg)pa(jz) (i)
2 oy nm apn+m
1 (1 —t—n=m) l—q”)(l—qm) (0) 0 4

Hence the i expansion is

dz -1 > 9
fm&'(z) =L+ 1 {ﬁ > np) ;} + 1 {5(1 -8 Zn%ﬁf’)apm (6.26)

k=11=1 n
i S (ORCRNS S PG o°
2 n,m 8p£L-)|-m 2 n,m ap%)apgn)

1-08) & d
= Cd) . B)Z ng)a (i)}+0(h4)-

n=1 n



Thus we get

bt w2l aS a9 L
ulf 277\/—712'Al(z) =l+wu;h+h {an_:lnpn 8p$f) + U (6.27)
) 1—1 ) 3
p3 () (k) | Wi p
+ {/B’Hﬁ +ﬁ;7{ﬁ + 5 O,
where
o1 N oy O ; 0? ad 1-4 N 0
HD = - Z (B(n +m)p@p® ——— + pmpl) ) + Z <u’< + n) np) ——
B n tm i n+ i i v n )’
2 0P “opopl) ) = 2 apy)
(6.28)
i - 0
G = (=) Yol (6.29)
n=1 Pn

For £k =0,1,2,..., we define operators Hj by
XV =" rr . (6.30)
k=0

With respect to Hg, H1 and Hs, all homogeneous symmetric functions belong to the same eigenspace.
Hence, the eigenfunctions of )7 4 hFH), are the same to those of Xy. In addition, we have

. (Xo— (Ho+hH; +h2Hy)\ 1
e < D12 ) teg (6.31)
o= HY + > HGD. (6.32)
i=1 >

Consequently the limit ¢ — 1 of the generalized Macdonald functions are eigenfunctions of the
differential operator Hg. As a matter of fact, 3 plus the momentum (8 — 1) Efi D npgf ) aa(ﬂ
j2

corresponds to the differential operator of [28, 79], the eigenfunctions of which are called generalize
Jack symmetric functions.??

As in [39, Proposition 3.7], we can triangulate #Hg similarly. Moreover if X >L i 2 and B is
generic, then e’x # €. (GIX’ e’ are eigenvalues of Hg.) Therefore we get the existence theorem of

[
the generalized Jack symmetric functions.

22To be adjusted to the notation of [28, 79], we need to transform the subscripts: w; — uy_; 1, pm — p<N7i+l>.

2We write X > 7 (resp. X >® i) if and only if |X| = || and

AN AT STAD > ) e |y £ 3 ) (6:33)
k=1 k=1
(resp. MO 4 AT S TAD > D [uOTY 4 Zuif") (6.34)
k=1 k=1

foralli>1and 1 <j <N.
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Proposition 6.7. There exists a unique symmetric function J; satisfying the following two condi-
tions:

Jy=mz+ Y dsma,  di, € Q(B,uh, . uly); (6.35)
A<UX
HpJ; = e/XJX’ e'X € Q(B,ul, ... uy), (6.36)
where mj denotes the product of monomial symmetric functions HZ]\L 1 mg\i()i). (mgii) is the usual

monomial symmetric function of variables {xﬁf ) | n}.)

From the above argument and the uniqueness in this proposition we get the following important
result.

Proposition 6.8. The limit of the generalized Macdonald symmetric functions P; to S-deformation
coincide with the generalized Jack symmetric functions J;. That is

PX m’ JX (6.37)

’
u;=q"i,t=¢", qg=e"

Remark 6.9. For the dual functions P)\i‘ and J ;, a similar proposition holds.

By the orthogonality (6.24), Proposition 6.8 and the fact that the scalar product (—, —), , reduces
to the scalar product (—, —)z which is defined by
N (@)
(5> Pi) 5 = 5X,;7H 230 B, (6.38)
i=1
we obtain the orthogonality of the generalized Jack symmetric functions.
Proposition 6.10. If X # (i, then
<J§, J,;>B —0. (6.39)

By this proposition, we can prove the Cauchy formula for generalized Jack symmetric functions
in the usual way. For example, in the N = 2 case, we have

Jy(zM x(4)>Ji($(2) () 1 1
X ) X ’ _ 1),.(2 3),,(4
Z - = exp 5} : ;pg )pg) exp 52 :ﬁpg )pgl) , (6.40)

by A n>1 n>1

where vy 1= (J;, Jy)p. This is the necessary formula in the scenario of proof of the AGT conjecture
[28].

We give examples of Proposition 6.8 in the case N = 2. The generalized Macdonald symmetric
functions of level 1 and 2 have the forms:

1 - U
< Proy, (1) ) Yy ( m(),(1) ) e UL = (6.41)
Py, 0 L\ my,0) e 0 1
Po),2) m(0),(2)
Po),1,1) , | moa ;
Py, =Mi, | may0) ) Mg= (6.42)
P2),0) m(a),(0)
P, M(1,1),(0)



(A+4q)(t—1) (i/Q)7%(1+q)(q—t)(t—l)uz (a=t)((1=g®)tus —g(t* —q(U+@)t+ug)uy  (149)(g—t)(t—1)((g—Dtui+q(g—t)up)us

1 qt—1 (1- qt)(la q)uuz) qt(qt—l)(?1_—tv)¢5)(u1—qu2) (qq—tgt)]éq_ul>(—1;1((_ti21))(1:l1+_uqu)2)1)1
0 (t/Q)7 t(tulq u22) q(ful u22) t(u21 ug)(tuy 1Mz)g )
0 0 L (t/0)* 7 (t/)* =g )
0 0 0 1 o=
0 0 0 0 1
Also the generalized Jack symmetric functions have the forms:
1-8
< J0).01) ) Y ( m(0),(1) > My= 2 =) (6.43)
J(1),(0) m(1),(0) 0 1
J(0),(2) m(0),(2)
J(0),(1,1) | mo.an
Jo.m [ =Ms| mo.w | (6.44)
J(2),(0) m(2),(0)
J(1,1),00) M(1,1),(0)
1 28 23(1-8) (1=B) (2452 —2u) +2up) 28(2-38+5%)
1+8  (A+8)(1-uj+uy)  (I+B8)(u]—up)(—1+uj—uy)  (14+6)(u] —ub)(—1+u] —uj)
0 1 1-8 1-8 —1+38—252
9 —B—uy+uf Btu —uy (U1_u2)( B— u1+“l2)
MB = 0 0 1 1-8 2(1=8)(=14+B—u) +uh) . (645)
—1—u)+uj (=1- u1+u2)(,8 uf +ug)
0 o0 0 1 1+B
0 0 0 0 1

If we take the limit ¢ — 1 of M;t, then Mé appears.

Appendix

A Macdonald functions and Hall-Littlewood functions

In this subsection, we briefly review some properties of Hall-Littlewood functions and Macdonald
functions following [5, Chap. III, VI].
Let Ay :=Q(q,t)[z1,...,zn]°N be the ring of symmetric polynomials of N variables and A :=
m Ay be the ring of symmetric functions. The inner product (—, —),+ over A is defined such that
or power sum symmetric functions px = [[;51 pa, (Pn = 251 27)s

(Pas D)t Z,\H 5,\,;“ Z) —H iy, (A1)

i>1

where m; = m;(\) is the number of entries in A equal to i. For a partition A\, Macdonald functions
Py, € A are uniquely determined by the following two conditions [5]:

AN#Ep = (P\,Pu)g:=0; (A.2)
Py=m)+ Z CapMys- (A.3)
p<A

Here m) is the monomial symmetric function and < is the ordinary dominance partial ordering,
which is defined as follows:

k k
Azp &5 3N =Y (R) and A = ul. (A4)
i=1 i=1
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In this paper, we regard power sum symmetric functions p, (n € N) as the variables of Macdonald
functions, i.e., Py = P\(pn;q,t). Here P\(pn;q,t) is an abbreviation for Py(p1,p2,...;q,t). In this
paper, we often use the symbol Py(a—_y;q,t), which is the polynomial of bosons a_, obtained by
replacing p, in Macdonald functions with a_,.

Next, let the Hall-Littlewood function Py(pn;t) be given by Py(pn;t) := Px(pn;0,t). If xn41 =
TNt = -+ = 0, then for a partition A\ of length < N, the Hall-Littlewood polynomial Pj(py;t)
with p, = Z,fil x]' is expressed by

1 A A Ty — t.Tj
Py(pn;t) = Z w xll---xNNni , (A.5)
) Je, i<j T
where vx(t) = [];5¢ Zn:i(l)‘) ll_ff. Note that mo = N — £(\). The action of the symmetric group Sy

of degree N is defined by w(z{*---z3) = a:f;l(l) - xi’(VN) for w € Sy.

It is convenient to introduce functions Q(py;t), which are defined by scalar multiples of Py as

follows:
Qx(Pn;t) := bx(t) Pr(pn;t), (A.6)
where by(t) := [T, [T, (1 — t*). They are diagonalized as
(@Qx, Qu)ot = ba(t)dx,pu- (A.7)

These functions Qy(pn;t) can be constructed by using Jing’s operators H, and H} [80], which is
defined by

1—-t" 11—t _
H(z):=exp Z Tb,nz” exp{ — Z Tbnz "= Z H,z™", (A.8)
n>1 n>1 nez
H'(z):=exp —Zﬂb 2" ) exp Zﬂb 27"y = ZHTZ_” (A.9)
n —n n n n 9 .
n>1 n>1 nez

where b,, is the bosons realized by

n 0

b_pn = pn, by,

Fact A.1 ([80]). Let |0) be the vector such that by, |[0) =0 (n > 0). Then for a partition A, we have
H7>\1H*>\2""0> = Qx(b-n;t) ‘0>7 (A.11)
O HLHY, = (0] Qa(buit). (A.12)

Furthermore, the following specialization formula is known.

Fact A.2 (Chap. III, §4, Example 3 in [5]). Let 7 be indeterminate. Under the specialization

1—7"
Pn = 1_ (A.13)
The Hall-Littlewood function @)y € A is specialized as
1—r" pa ,
Myt = "M TT -, (A.14)

i=1
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B Definition of DIM algebra and level N representation

In this section, we recall the definition of the DIM algebra and the level N representation. For the
notations, we follow [46]. The DIM algebra has two parameters ¢ and ¢. Let g(z) be the formal
series

g(z) = . GE(2) = (1 - ¢ 2)(1 —t72)(1 — ¢FHtl). (B.1)

Then this series satisfies g(2) = g(z~1)7L.

Definition B.1. Define the algebra U to be the unital associative algebra over Q(q,t) generated
by the currents 2¥(z) = Y, afz", YE(2) = > tneZoy YE2~™ and the central element y+'/2
satisfying the defining relations N

V(2 () = v () (2), o) = ), B2
U (D (w) = 977 ) ) (2), (8.3
V() (w) = 9722y a w2, (B.4)
(20 ()] = ST G0 et (0 ) Sz (), (BS)
GF (2 ) (2) () = Gz w)a(w)a(2). (B

Note that ¢0 are central elements in U. Let us contain the invertible elements (¢ )12 and
(15)'/? in the definition of U. Further, set v := (¢g)"/?(¢p5)~"/2. This algebra U is an example
of the family topological Hopf algebras 1ntr0duced by Ding and Iohara [68]. This family is a sort of
generalization of the Drinfeld realization of the quantum affine algebras. However, Miki introduce
a deformation of the Wi algebra in [40], which is the quotient of the algebra U by the Serre-
type relation. Hence we call the algebra U the Ding-Iohara-Miki algebra (DIM algebra). Since the
algebra U has a lot of background, there are a lot of other names such as quantum toroidal gl;
algebra [42, 43], quantum W1 algebra [44], elliptic Hall algebra [45] and so on. This algebra has
a Hopf algebra structure. The formulas for its coproduct are

A@W*(2) = v (1 *2) © wiwzii/? ) (B.7)
Alat(2) =2t (2) @ 1+ 4 < 72 @ 2t (v0)2), (B.8)
Ala™(2) =2~ (Y2) @ 4T (1 2) + 1@ a7 (2), (B.9)

and A(y 11/2) = ,),11/2 ® 711/2 where ’Y(i)/Q : il/2 ® 1 and ’y(i)/Q =1® 'yﬂ/Q Since we do not
use the antipode and the counit in this thesis, we omit them. The DIM algebra U can be realized
by the Heisenberg algebra defined in Section 2.1.

Fact B.2 ([46, 41]). The morphism p,(-) defined as follows is a representation of the DIM algebra:

pu(@t(2)) =un(z), pulz”(2)) =u""¢(2), (B.10)
pu(E(2)) = ¢ (2),  pu(y?) = (t/q)F*, (B.11)
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where

0= (2 esp (-3 ), B.12)
£(2) = exp ( - nil ! _nt_n (t/q)"ﬂz”a_n) exp (nil %(t/q)”/%_”an), (B.13)
pr(z) = exp ( i_ojl 0 g /) ), (B.14)
oo (2) = exp (nffl g g ). (B.15)

Not that the zero mode 7o of n(2) =), n,2~" can be essentially identified with the Macdonald
difference operator [5, 14]. By using the coproduct of U, we can consider its tensor representations.

() by

For an N-tuple of parameters @ = (uy,us, ..., uy), define the morphism p;

p'(EN) = (pul @ puy & - @ puN) ° AUV)? (B16)

where AV is inductively defined by AM :=id, A® := A and AW .= ([d®---@id® A) o AN,
The representation péN)

the i-th bosons as

is called the level N representations. In Section 2.2, for simplicity, we write

=19 ®10a6,1® - 1. (B.17)

i

The generator X (M (z) is defined by
XW(z2):= pM (2t (2)). (B.18)

The p, is also called the level (1,0) representation or the horizontal representation in [49, 81, 59,
60] in order to distinguish another representation of the DIM algebra, which is called the level (0, 1)
representation or the vertical representation. To define the level (0, 1) representation, we introduce
some notations. For a partition A = (A1, Ag,...) and a number i € Z>, we set

i—1

(1 _ q)\if)\jtfi+j+1)(1 _ q)\i*/\j+1t*i+]'*1)
A;tl = (1 - t) H (1 _ )\i_)‘jt*i‘i’j)(l B )\i_)\j+1t*i+]') 9 (Blg)
j=1 q q
JOERTRPE N . i ﬁ S et mhiin [l che A0 NP
P 1— in+1f)\¢+1t—1 il (1 _ qu+1f)\¢+1t—j+i—1)(1 _ q)\jf)\it—j-‘ri)’ :
1— )\1—1t o0 1— )xit—i 1— >\i+1—1t—i+1
Bf(z)=—1 =% (1= gmt2)(1 = g2 7 77 2) (B.21)
1— q)‘lz paley (1 _ q)‘“rlt*’z)(l _ qA171t71+1z)
_ 1 — g M1y 22 (1 — g Mittz) (1 — g M1y
By (2) := 1— oM B VY —Ntlpi—1,)’ (B.22)
—q Mz L (=g hnttz)(1 — g At lz)
A+1; = ()\1, Aoy Aic1, A+ 1L A, - .), (B23)
A — 1i = ()\1, )\2, e ,/\1;1, )‘z - 1, )\i+1, .. ) (B24)

Here, By (2) and Bj (z) are considered as elements in Q(g, t)[[2]].
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Fact B.3 ([61, 62]). Let u be an indeterminate parameter and F be the Fock module generated

by the highest weight vector |0). The morphism p&o’l) : U — End(F) defined as follows gives a
representation of the DIM algebra:

()41
AP @)IN = Y AL 8@ /2 A+ L), (B:25)
=1
2(X)
D (@ (2)) ) = @Y AT (T ) A= 1), (B.26)
i=1
APV () 1N) = g B (u)2) 1) (B.27)
VW (@) ) =g A By (2 fu) 1) (B.28)

and p&o’l)(’ylﬂ) = 1, where |\) denotes the ordinary Macdonald function Py(a_p;q,t)|0) associated

with the partition A.

In this thesis, the vectors |A) are realized by the Macdonald functions Py(a_p;q,t) along [49].
However, they can also be regarded as the abstract vectors labeled by Young diagrams. Note that
the factors (B.19)-(B.22) can be written by the contribution from the edges of the Young diagram A,
i.e., the positions which we can add a box in or remove it from. The tensor representation of p(o’l)
is also called the rank N representation, which is given in [44] in terms of the edge contribution.
This representation is connected to the level (1,0) representation under the change of basis and the
automorphism of the DIM algebra, that is defined as follows. This connection is called the spectral
duality [81, Section 5].

Fact B.4 ([40]). There exists an automorphism S : & — U such that
zd T, v g, xg =Y, o e ad, (B.29)
vyt and 4t 4L

Although the algebra in [40] slightly differs from the algebra U in the Serre-type relation, this
fact holds. This automorphism is of order four. By using this automorphism, we can check the
correspondence between two representations of the DIM algebra. In Section 6.2, we briefly explain
the spectral duality and check it with respect to the generators xL and 1/1;.

C Proofs and checks in Section 4

C.1 Other proofs of Lemma 4.22

In this subsection, let us explain other proofs of Lemma 4.22 by the method of contour integrals.
The generating function of elementary symmetric functions and Jing’s operator makes the equa-
tion

(*1)8 <€s(*pn)aQ>\(pn;t)>07t (Cl)
!
% dZ d’UJ H< 1 ) H (wl—w]> s )\
= — L) 2w
2/ =1z 27/ —1w 1\ — 2w L<isieeny \Wi T tw;
= F)\ 0,0

o6



where we put s = |A|, [ = £(\), and |1/z| > |wi| > --- > |wy|. It suffices to show that ), x, » =
t"N) | which is proved by a recursive relation of F as follows. The contour integral ¢ o \dﬁwl
surrounding origin is represented as that surrounding oco. Since A; > 0, the residue of w; at
wy = oo is 0. Hence, the only residue at w; = % is left, and it is

l l

dz dw; 1 Wi — W
F = 72_)\2..._)\1 7210_)‘1' S E— — J . 02
)\17)\2,..-7>\l f 27T /_1Z ’LHQ 27_‘_ /_1wi ’n 1 —_ t'UJrL'Z H wi _ twj ( )

2 2<i<j<I

By change of variable tz — z,
!
Fxipo,n = Htki Py, (C.3)

Therefore

Fxipa,on (H t)‘> (H 2) .”t)\l%%d\/z_ilz — (V) (C.4)

Thus the Lemma 4.22 is proved.

Although it is slightly hard, one can also prove this lemma by reversing the order of integration,
i.e., first perform over a variable w; surrounding origin. Indeed w; has the pole only at w; = 0, and
its residue satisfies

-1
F)\lw-,)\l = Z (H Aai) F)\1+0¢17--~7>\l—1+061—1’ (C5)
1>0 \i=1

Q0,01 50,0 —
aptoy—1=X

where for n > 0, A,:=(t—1)t""! and Ag:=1. By the assumption that Fj = t"®) for B = (B, Ba, . . .)
with ¢(8) =1 — 1, we inductively get

-1
Py, = t"(Ordion) Z Z <HA%.> @), (C.6)

0<k<A\; ai,...,a;—1>0 i=1
a1+t 1=k

By virtue of the equation

! Ik _ 4i(k—1)
n(a) _ J tF—t . k>,
g <| |Aai>t { . b0 (C.7)

at,...,a0>0 \i=1 ’ ’
a1+-Fog=k

which is also proved by induction with respect to [, it can be seen that F\,  », = ),

C.2 Explicit form of <Q(s)<_pn>7Q)\(pn;t)>0t

The formula for S»(°) is given in the Lemma 4.22 and the last subsection. We also have an
explicit form of SM) and S \(s)- By the Proposition 4.12, it suffices to give the explicit form of

(Qo) (=), @a(Pns 1)) -

Proposition C.1.
o)

(Qus)(=pnit), Qalpast))y, = NV TT (1 = 75). (C.8)

k=1
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Proof. The proof is similar to the previous subsection. Set

l

dz dw Z —w; Wi — Wy
ok _ i T T ) LA C.9
Az 7{ 21/ —12 27/~ 1w z];[l <t_kz - twi) H <wi - twj) - )

1<i<j<e(N)

Then <Q(s)(—pn), Qx(pn; t)>07t = Ggl,)\%")\l by Jing’s operator. Integration of w; around oo makes

recursive relation
A1 (k+1 k+1 k+1
GR g,y = PHEDTEO LGt (C.10)

and leads this Proposition. ]
For general partitions A and y, we can get the integral representation of (Qx(—pn), Qu(Pn;it))y,
However, it is very hard to give their explicit formula.

C.3 Check of (4.39)
The integral formula (4.39) can be checked by the similar way to subsections C.1 and C.2.

Let us set
l dw; l w; w; — wj
B = f [T [T ( z ) | (C.11)
e} 2w/ —1w; paie} wW; — UT 1 <ji< w; — tw;
m
dz; o Zi — % x— (t/v)z;
ot = T e T (222) 1 (22 ls)
Hrot E 2/ —1z; * 1§i<Hj§m zi —tzj 1§1i_£m x— (t/u)z

Then §,....x (1) = (=) PN (EL@(2)| Kp), Bpy,.opn (0) = (—u) " W@ HEI(KGy | @(2) | K ). The
integration of wy around 0 give the relation

g)\l,m,)\z (u) = (ux))\13>\27~~-,>\l (tu) (C'12)
On the other hand, the integration of z; around co makes
G pur i (W) = (1 = (u/0)) (uz/0)" Sy, (u]1). (C.13)

Thus

gh,---)\l (u) = (UIE)AI (Utx)/\Z T (Utl_lx)/\l’ (C.14)

O st = (1) (1 5) (1) ()7 ()™ ()™

These agree with the right hand side of (4.39).

C.4 Comparison of formulas (4.96) and (4.105)

In this subsection, we compare two formulas (4.96) and (4.105) which are obtained by the other
basis.
Comparing the coefficients of 2L, we have the equation
2

2 N ; H tk: lizlvwz
3R LIS Sy LI Gt ) c1s)

|N=n B:7=1 N A@ X\ (Uz/vj) IA|=n

o8



Note that the left hand side is the summation with respect to pairs of partitions X = ()\(1), )\(2))
and the right hand side is the summation with respect to single partitions A. The right hand side
depends only on the ratio % though the left hand side doesn’t look that way.

For a single partition A, let us define (\) to be the set of all pairs of partitions (A, A(?)) such
that a permutation of the sequence ()\gl), )\gl), ceey )\?), )\g),.
A=(2,1,1),

(A ={((2,1,1),0),((2,1), (1)), ((2), (1, 1)), (1, 1), (2)), (1), (2, 1)), (D, (2,1, 1)) }. (C.16)

Then we obtain a strange factorization formula with respect to the partial summation of left hand
side in (C.15)

..) coincides with A. For example, if

~ L(N) k—1wiw _
Z 2 Ny o) (wi/v;) 7 [1:5 (1_t Uiv;) <w1w2>)‘| ) £2n(N)—Ix (C.17)

Se(n =1 Ny ao) (vi/v;) t2n(Npy (1) V109

where I := 37 5 (Lo(s) — La(s)) = 22 jyex Aj and \ is introduced in Definition 4.4. If we prove
that left hand side of (C.17) depends only on f’)ﬁ;, (C.17) is easily seen by checking the case of
wy = vg. This equation almost reproduces each term of the right hand side in (C.15). Hence (C.15)
may be proved by this equation. If (C.15) holds, the AGT conjecture at ¢ — 0 with the help of the

AFLT basis (4.96) is completely proved.
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(eng — en)(en — enb)(En — ) (en — n)(] — NS“W\/@

. . — — 6€p
(¢a) Am‘;mzw + benen — beneng 4 bentn + benTng — benin + bening — ben — bgn — m@mﬁm‘;v enen(1 + wvmﬁ —b)(1—b)
eng — en)(en — enb)(en — n)(en — )2+ Nb
v h (eng — on)( (e — m)(zn — )y N o
(enenb + 98nen + pnenb — gEntn — gEnInb 4 2enin — geninb + 4Enb — 9Znb — 1Enn) Entn (7 — b)
(ea)
A (20— sma)(5n — Tnb) (50 — Tn)(2n — Tn)gh ;
= D
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