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Abstract

In this thesis, we study the minimal models’ representation theory for a particular class
of W-algebras proposed by Gaiotto and Rapcak. They constructed these W-algebras
from supersymmetric gauge theories associated with type IIB string theory. One of
their interesting features is that we can construct various W-algebras based on the
most fundamental ones, which are called Y-algebras. We first study the Y-algebras’
representation theory when their parameters agree with those of Wy minimal models.
We use the plane partition representation of the affine Yangian of gl;, which provides
a uniform description for all Y-algebras. We find that a certain constraint on the
plane partition matches the Hilbert space of the Wy minimal models. Using this
result, we propose a way to describe the Hilbert space for the minimal models of more
general W-algebras. As an example, we study the N/ = 2 unitary minimal models
in detail and reproduce the correct primary fields and characters. We also discuss

Bershadsky-Polyakov algebra and check the consistency with the literature.
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1 Introduction

Two-dimensional conformal field theories (CFTs) belong to a special class of quantum field
theories (QFTs). Unlike the other QFTSs, they possess infinite dimensional symmetry, which
allows us to extract much information on the physical quantities without knowing the sys-
tem’s detail. The infinite dimensional algebra which describes this symmetry is known as
Virasoro algebra, and we can study the 2d CF'Ts through its representation theory. In
most cases, the symmetry does not determine the physical quantity completely, but we can
sometimes solve the model exactly. The typical example is a minimal model that describes
the system with only a finite number of fields.

Historically, the study of exactly solvable 2d CFTs was initiated by Belavin-Polyakov-
Zamolodchikov (BPZ) in the pioneering work [1]. Because the conformal symmetry is a
generalization of the scaling symmetry, the minimal models played a crucial role in the study
of a phase transition. Two-dimensional CFTs also play a fundamental role in the string
theory because they describe the theory on a world sheet. Since the BPZ’s seminal work,
2d CFTs have been intensively studied, and it has become clear that some models possess
larger symmetries than Virasoro symmetry. The algebras which describe such symmetries
are usually referred to as W-algebradl] The W-algebra discovered for the first time is Ws
algebra [2]. While Virasoro algebra is generated by the current T'(z), W3 algebra contains
an extra current W®)(z). One can also generalize it to Wy algebra which consists of the
currents with spin 2,3,4,--- | N [3]. Unlike Virasoro algebra, W-algebras’ commutation
relation contains nonlinear terms and it is hard to write down the explicit commutation
relation. Several techniques to deal with W-algebras have been developed so far, but there
are still many points that have not been understood well.

The application of W-algebras is not limited to 2d CFTs. It has recently become clear
that W-algebras play a crucial role in higher dimensional field theories. Especially, signif-
icant progress has been made in AdS3/CFT, and 4d supersymmetric gauge theories. In
these areas, various W-algebras appear and it has been gradually recognized that they can
be described uniformly by a much larger W-algebra. For example, it was proposed that
Wy minimal models in a large N limit are dual to the higher spin theories on AdS; and
the underlying symmetry was identified with W, [u] [4], 5], which consists of the currents
W) (2) with s = 2,3,4,---00. One can obtain Wy algebra as its truncation for arbitrary
N > 2.

Another important example is 4d N' = 2 supersymmetric gauge theories. In [6], a
remarkable duality between N' = 2 SU(2) gauge theory and Liouville field theory was dis-
covered. It was immediately generalized in [7] to the duality between SU(N) gauge theories

and Toda theories with Wy symmetry. These dualities were proved by mathematicians in

'In this thesis, W-algebras denote the algebras generated by the energy-momentum tensor and other

currents whose OPEs are local (i.e. the conformal dimension of the currents is integer or half-integer).



[8, @] and are now called Alday-Gaiotto-Tachikawa (AGT) correspondence. In the proof
process, it has become clear that the underlying symmetry can be understood well by a
certain quantum group rather than W-algebras themselves. This quantum group has been
studied in several contexts and has several names. In this thesis, we focus on the affine
Yangian of gl; [10, IT]. One of the main advantages of using this algebra is that it has an
explicit representation theory. This feature shed new light on the representation theory of
We-algebras. The affine Yangian enables us to explicitly describe the Hilbert space of Wiy
algebras as opposed to the conventional approaches.

Interestingly, the affine Yangian of gl; is equivalent to W.[u] except that the former
contains an extra U(1) free boson. This difference has a significant meaning. Adding the
"U(1) factor” to W, makes it easier to deal with the algebra. We refer to it as W1+OOH The
main advantage of using Wi, , instead of W, is that there is a one-to-one correspondence
between its vacuum representation and a plane partition. Here, a plane partition is a two-
dimensional array of non-negative integers m; ; satisfying m; ; > m;41; and m; ; > m; j41. One

can interpret a plane partition as a 3d Young diagram as follows:
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Figure 1: Left: An example of 7; ;. Right: The corresponding plane partition.

One may wonder why a plane partition appears in the study of W-algebras. The best way
to see the relation between them is to consider the vacuum character of Wi .. Here, the

character is the quantity that counts the number of the states. It is defined by

x(q) =Tr qLO_i7 (1.1)

where L is the zero mode of Virasoro algebra and c is the central charge. It enables us
to express the complicated structure of the Hilbert space simply by a power series. It also

plays a crucial role as a physical quantity because we can interpret it as the torus partition

2It may be precise to express Wi oo[u], but we denote it by Wi just for simplicity.



function. In the construction of consistent theories, the study of its modular property is
indispensable. Let us see how the character provides us crucial information. The vacuum
character of Wi, serves as a good example. We can generate all the states by the creation

operators Wg (s > 1, ng > s) and the (normalized) character is given by
1
[Lo(t—gm)m

It is precisely the MacMahon function, which counts the number of the boxes in a plane

=14+q+3¢7+6¢"+--. (1.2)

partition [12]. The following figure demonstrates the configurations at low levels:
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Figure 2: The configurations of a plane partition at low levels.

One can also describe the Hilbert space of Wy algebra (and an extra U(1) factor) by
restricting the height of the plane partition to N. In this way, we can interpret the Hilbert
space of the Wi-algebra simply and graphically. Furthermore, the affine Yangian enables
us to understand explicitly how the algebra acts on the plane partition. That is quite
different from the conventional technique to deal with W-algebras. This difference comes
from the fact that the affine Yangian is described by the generators whose algebraic relations
are explicitly defined. In other words, the affine Yangian realizes W-algebras in a totally
different way from the conventional approaches. As a result, we can study the representation
theory of Wix-algebra through manipulation (adding a box or removing a box) to a plane
partition [11].

So far, we have seen that the affine Yangian provides a useful way to study the rep-
resentation theory of Wi, or its truncation, Wy algebra. While Wy algebras are the

most important and fundamental W-algebras, we often need to deal with other W-algebras.



In AdS3/CFT, and AGT correspondence, many generalizations have been proposed and
a variety of W-algebras appeared up until now. For AdS;/CFTsy, the correspondence was
generalized to supersymmetric cases [13], [14], [15], matrix-valued higher spin fields [16], and
so on. For AGT correspondence, it has been generalized to various cases, for example,
the asymptotically locally Euclidean (ALE) spaces [17, [I§], insertion of surface operators
[19, 20] and the other gauge groups [2I]. A variety of W-algebras other than Wy algebras
showed up in these works. We also note that W-algebras play an important role in other
fields such as topological string [22] and 4d/2d duality proposed in [23].

Recently, Gaiotto and Rapcak brought a new development in [24]. They constructed a
new family of W-algebras called Y-algebras Y7,y v[¥] from the 4d supersymmetric gauge
theories associated with type IIB string theory. These W-algebras are labeled by three non-
negative integers L, M, N and reduce to Wy algebra (and a U(1) factor) when L = M = 0.
It turned out that they were truncations of the affine Yangianﬂ The key observation which
leads to this statement is that there is a one-to-one correspondence between the Hilbert
space of Y7y v[¥] and the plane partition with a ”pit” at (L+ 1, M + 1, N + 1)E| Here, a
pit means a place where we cannot put a box [25]. For example, the following figure shows

a plane partition with a pit at (3,2,1):

3
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It is worth mentioning that a plane partition not only provides a technically useful tool but
also captures the important property of the Y-algebra; Y, ys v[¥] has a nontrivial symmetry
which permutes L, M, N. This property is called triality and sometimes plays an important
role in the study of W-algebraf’ One can see that a plane partition manifestly respects the
triality. In that sense, we can say that a plane partition provides a natural framework to
describe the Hilbert space of the Y-algebra or Wi .

3We note that the same W-algebras were also proposed in a different context [25] 26].
4We set the coordinate of the origin to (1,1,1).
®We note that the triality plays an important role also in AdS3/CFTy [5].



One of the remarkable and desirable features in Gaiotto-Rapcak’s construction is that
one can obtain various W-algebras by considering more general 4d supersymmetric gauge
theories. Prochazka and Rapcak studied this construction in detail in [27, 28]. Because
various 4d theories can be easily constructed from the brane construction in string theory,
we can obtain a vast class of W-algebras. Indeed, many familiar algebras such as the affine
Kac-Moody algebras U (N) and N = 2 super W-algebras belong to this class. The important
point in this construction is that these W-algebras are constructed from the combination of
several Y-algebras. In other words, the W-algebra contains several Y-algebras as subalge-
bras. Therefore, we can describe the Hilbert space by using several plane partitions. In the
following, we refer to the W-algebras constructed in this way as generalized Y-algebras.

In this thesis, we study the minimal models’ representation theory for the generalized
Y-algebras. We first study Wy minimal models in terms of a single plane partition. There
are several related works [29, 30, 31l 32], where N-tuple Young diagrams are used as a basis
of the Hilbert space. The authors of these works obtained the N-Burge condition, which
imposes restrictions on Young diagrams’ shape. In [I1], Prochazka used a plane partition
to study the Wy minimal models and checked that the result is compatible with the Young
diagram approach when the central charge takes the particular value. We further study the
plane partition description of Wy minimal models and find that the result is consistent with
the N-Burge condition in all cases. We also find that all primary fields in the minimal model
can be reproduced from a plane partition. As the next step, we study the Hilbert space
of the minimal models for the generalized Y-algebras. We mainly focus on N = 2 unitary
minimal models. Fortunately, many physicists have intensively studied them, motivated by
their applications to string compactification. Especially, the character formula has already
been derived [33] 34, [35], and we can examine whether our approach is correct. We found
that the correct character is obtained by counting the number of boxes in a plane partition.

This thesis is organized as follows. In Section 2| we review the W-algebras and minimal
models. This section provides the background knowledge for this thesis. We first recall the
basics of two-dimensional conformal field theories. Next, we explain several techniques to
deal with W-algebras. We also review the minimal models for Wy algebra and NV = 2 super
Virasoro algebra. These minimal models are the main subjects of this thesis. In Section
we review the Y-algebra and its generalization. The Y-algebra is the W-algebra constructed
from a supersymmetric gauge theory associated with type IIB string theory. We review
its construction and several algebraic properties. We also explain the generalization of the
Y-algebras which provides various W-algebras. In Section [d, we review the affine Yangian
of gl,. We explain several properties, the plane partition representation and the relation to
the Y-algebra. In Section [5] we study the plane partition representation for the particular
value of the parameter. That is necessary to study minimal models. Next, we study the
representation theory for Wy minimal model in terms of a plane partition. We find that the

plane partition with a certain constraint provides the correct Hilbert space of Wy minimal



models. In Section [0}, we propose the way to describe the Hilbert space of minimal models for
generalized Y-algebras by using the result obtained in Section[5] We focus on N = 2 unitary
minimal models and check that we can reproduce the known character and primary fields
from the plane partition approach. In Section [7} we discuss Bershadsky-Polyakov algebra,
which is a simplest non-principal W-algebra. We find that our approach reproduces the
correct modules.

The original part of this thesis is provided in Section , Section |§| and Section [7| (more
precisely, Section [7.2). This thesis is based on the paper [36], [37].

(Review part)
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Figure 3: The flowchart of this thesis.



2 Review of W-algebras and minimal models

In this section, we review W-algebras and minimal models. We first recall the basics of two-
dimensional conformal field theories in Section[2.1] In Section[2.2] we review some techniques
to deal with W-algebras. Concretely, we explain the quantum Drinfeld-Sokolov reduction
and coset construction. We use these techniques in the definition of the Y-algebra, which we
will discuss in Section [3] In section [2.3] we review the minimal models for Wy algebra and
N = 2 super Virasoro algebra. For Wy minimal models, we discuss the construction from

free field realization. For N’ = 2 unitary minimal models, we use the coset construction.

2.1 Basics of two-dimensional conformal field theories

Before reviewing W-algebras, we recall the basics of 2d CFTs. They are governed by the
infinite dimensional symmetry generated by Virasoro algebra:
c

LnaLm: - an
L L) = (1= )L+ 5

(n+1n(n—1) (n,m € Z), (2.1)

where c is called the central charge which commutes with all the other generators. These
generators are obtained from the mode expansion of the holomorphic field called an energy-

momentum tensor:

T(z) =) Loz "> (2.2)

neL

There is also an anti-holomorphic field T(z) = >, ., L,z " and it commutes with the
holomorphic part. In the following, we focus on the holomorphic part.

In 2d CFTs, it is often convenient to use the holomorphic field instead of individual
modes to describe the algebraic relation. Let us consider the two fields X (z),Y(z). In
general, we cannot place them at the same point because their product diverges. In 2d

CFTs, we express such behavior as follows:

(2.3)
Here, the symbol ”~” indicates that this relation focuses on the singular behavior when we
take the limit of = — w. The order N of the pole depends on X(z) and Y (w). The field
(XY), in each term can be sometimes written by X (w),Y (w) or their derivatives, but in
general, gives a new field. This kind of relation is called operator product expansion (OPE)
and provides us enough information. To see that, we consider the case for Virasoro algebra.

The OPE relation between two energy-momentum tensors is given as follows:

c/2 2T (w) 0T (w)
(z—w)t (2 —w)? t

(2.4)

10



where 0 denotes a partial derivative. Let us check that this relation reproduces the com-

mutation relation of Virasoro algebra. We can do that as follows:

[Ly, L] ]{27”7{ o ™D (2) T (w)
me]{ o ZHm ((Z C_/i}yl + (jT_(Z)P + iT_(“;U)) (2.5)

—m)Lyim + —(nm+ 1)n(n —1).

E
It indeed agrees with (2.1)).
In 2d CFTs, we usually deal with the fields ®(z) which transform covariantly under the
action of Virasoro algebra as
h®(w)  0P(w)
+ .
(z—w)? z—w

T(z)P(w) ~ -+ (2.6)
This field is called a quasi-primary field and especially called a primary field when the
singular terms ﬁ with n > 3 vanish. By setting ®(z) = Y, _, 2 "", we see that
this relation leads to [Lg, ®,] = —n®,. The parameter h is called conformal dimension
and corresponds to scaling dimension. One can see that the conformal dimension of 7'(z)
is h = 2. In Section we also consider the additional current with conformal dimension
greater than 2. The OPE between such currents involves singular terms at the higher order
and becomes more complicated.

Let us consider the representation theory of Virasoro algebra. The highest weight rep-

resentation is defined as follows:
Lolhy =h|h), L,|h) =0 (n>0). (2.7)

When h = 0, the corresponding state |0) is called vacuum state. By considering the
action of the raising operator L, (n < 0) on |h), we can obtain the descendant states
[1,5ny5..50 L—ni L—n, - - - |h). The conformal dimension for this state is given by h+»_; n;.
The number ). n; is often called level. The highest weight state |h) can be realized by

inserting the primary field ®(z) with conformal dimension h at the origin,
|h) = }UIL% O (w) |0) . (2.8)

We can see it by considering the action of T'(z) on the right hand side, which can be read off
from (2.6)) as T'(z)|h) = (& +---) |h). Thus, there is a one-to-one correspondence between
the state and the field in CFTs.

For generic values of the central charge and the conformal dimension, the highest weight
representation is irreducible, but sometimes becomes reducible. That happens when there

appears a state |£) satisfying
Lol =0 (n>0) (2.9)

11



other than the highest state |h). Such a state is called singular or null. Because the state
|€) and its descendant states form subrepresentation, we have to remove them to obtain the
irreducible representation. Such representation is called degenerate representation. For a
generic value of the central charge, there is at most one null state and it is easy to remove it.
However, there appear two null states |£1) , |£2) simultaneously for the particular value of the
central charge. In such cases, the degree of freedom is extremely reduced, which allows us to
construct the exactly solvable models called minimal models. On the other hand, the Hilbert
space structure becomes complicated; it is not adequate to remove two subrepresentation
spaces independently because some states belong to both of them. Therefore, we need to
study the representation theory carefully in such cases.
To express the conformal dimension of the degenerate fields, it is convenient to parametrize

the central charge as
c=14+6Q% Q=0b+bL (2.10)

Then the highest weight state with the conformal dimension

B Q_Q B (br—i—bls

hrs
2

: 4 )2 (r,s € Z>1) (2.11)

has a null vector at level N = rs. The important property is that a set of degenerate fields
are closed under the OPE (or fusion rule). However, there are still infinitely many fields.

Meanwhile, when the central charge is parametrized by coprime integers p,q > 2 as

N2
po L gz (2.12)
q pq
a set of the degenerate fields labeled by
1<r<qg-—1, 1<s<p-1. (2.13)

is closed under the OPE. Because of h, s = hy_, ,—s, there are null vectors at level rs and
(g —7)(p — s). Then we can construct the model which contains only a finite number of
fields. It is the simplest example of minimal models. In general, we can also consider the
algebra larger than Virasoro algebra and it is also possible to construct minimal models for
such algebras. We will discuss them in more detail in Section

In the representation theory, the character is one of the most important quantities be-

cause it captures the structure of the Hilbert space. It is defined as
X(7) = Tr ¢"o~=, (2.14)

where ¢ is the expansion parameter and the trace is taken over all the states. It counts
the number of the states in the Hilbert space and provides crucial information for the null

states. Furthermore, one can also interpret it as a torus partition function. To see that, let

12



us consider the 2d CFT on the torus with the periodic coordinate w ~ w + 27 ~ w + 277,
where 7 = 1 + 475 € C. While the cylinder w ~ w + 27 describes the time evolution from
t = —oo to t = 0o, the torus describes the system with the periodicity ¢ ~ ¢t + 75 imposed

on the time direction. Therefore, the partition function Z(7,7) is given by

Z(T, ?) :TI' 6—27r7-2H+2m7-1P

Ty 6_27T7—2(L0+f0—i)+27ri7’1(Lo—fo) (215)
= Tr gho—sigho 31,

where ¢ = e*™7. Here, we use the fact that the Hamiltonian H and the momentum P

are given by H = Ly + Lo — 57 and P = Lo — Lo. Thus, we can compute the partition
function purely from the representation theory. For generic parameters, the character can

be computed as

o q _2;1
== =gy

where each factor in the denominator comes from the contribution from L_,,. When there

(2.16)

is a null state at level NV, we need to subtract all of its descendant states, and the character

changes as

B ¢ B g B qh’i(l ™)
X = [, —-q¢n) TL2,1—qv) T2, (1—-g) (2.17)

For the case that there are two null states, the character becomes much more complicated.

The character for minimal models is one of the most important objects in our study.
Finally, we explain the affine Kac-Moody algebra (also called current algebra), which
plays an important role in the next section. It is realized from the currents J¢(z) with
conformal dimension h = 1. The possible form of the OPE is given as
R TR w)
+ .
(z —w)? zZ—w

J'(2)J7 (w) ~ (2.18)

This OPE must satisfy associativity (Jacobi-identity). That requires f,z] to be a structure
constant of some Lie algebra g. Namely, the current J*(z) is associated with the element J*

of g satisfying
[, ) = fi T (i,5,k=1,2,--- ,dim g), (2.19)

where dim g denotes the number of the elements in g. For ¥, it must be proportional to a

symmetric invariant bilinear form of g. Therefore, we can set
K9 = Kk(J'|J7). (2.20)

Here, (+]-) is an invariant norm of g and we usually set (J'|J?) oc Tr J*J/. For later

convenience, we introduce the dual element J; by (J|.J;) = d5. The element k commutes

13



with all of the other elements and its value is called leve]ﬂ The algebra formed by J'(z)
is usually denoted by g or CAJ, where G is the corresponding Lie group. When we want to
express the level explicitly, we also denote them by g, or @k

We note that is simplified when g = u(1) because the second term disappears.
Therefore, the level k can be absorbed into the normalization of the current and does not
have an essential meaning. We often refer to u(1) current as U(1) boson because it appears
in the free boson theory.

One can construct the energy-momentum tensor 7'(z) from the current algebra. Because
the conformal dimension of T'(z) is two, it is expected that we can obtain it as the product
of two currents J'(z), J;(z). Here, we need to note that we have to remove the divergence
from the product. That is possible by defining the normal ordered product as

X)) = § =

Z—w

X (2)Y (w). (2.21)

One can see that the divergent part in (2.3) is indeed removed. After some computation,

one can see that the current

1 )
T(z) = ——(J'J; 2.22
)= sy A (222)
satisfies the OPE ([2.4) with the central charge
k dim g
S —— 2.2
Tk (2.23)

Here, we use the dual Coxeter number h;/ defined by
Tr(ad J')(ad J7) = 2k (J'|J7), (2.24)

where ad J* means the adjoint representation of J¢. The above way to obtain the energy-
momentum tensor is called Sugawara construction.

One can also generalize the above construction to super Lie algebras. The super Lie
algebra consists of bosonic elements and fermionic elements. They are graded by Z, and
decomposed by its charge as g = go & g1. The representation space V' is also decomposed
as V = Vo @ V,. The Z, grading is preserved under the product. The different point from

Lie algebras is that the commutator is given by

where we use the notation
0 (ZE - go)
p(a) = (2.26)
1 (.CIZ' c 91)

6We note that this terminology was already used in a different meaning. We need to be careful not to

get confused.

14



We also need to replace dim g with sdim g = dim gy — dim g; and the trace with the super

trace STry z = Try Iz, where T’ acts as (—1)" on V;. In this thesis, we consider only
g = u(N|M), which is defined by (N + M) x (N + M) as follows:

“I[ A B
v\ ¢ | D

In this case, we have go=A® D, g =Ba&C.

2.2 W-algebras

Two-dimensional CFTs always possess the Virasoro symmetry, but there are sometimes
larger symmetries. To describe them, we have to introduce new currents in addition to the
energy-momentum tensor so that they will satisfy the Jacobi-identity and form a closed
algebra. Such an algebra is usually called W-algebra. The typical example is Wy algebra,
which consists of the currents with the conformal dimension 2,3,4,---, N. One can see
Virasoro algebra as Wy algebra. Apart from Virasoro algebra, the simplest example is W3
algebra, which was constructed in [2]. It is generated by the energy-momentum tensor 7'(z)

and an additional current W®)(z). The OPE between two W®)(z) currents is given as

follows:
5 3 c/3 2T (w) oT (w) 1 32 3 9

WEEW S (w) ~ (z —w)b N (z —w)? * (z —w)3 * (z —w)? {22 + 50A(w) i 1_08 T(w)

1 16 1,

t o5 n 508A(w) + 1—53 T(w)] :
(2.27)

where

Aw) = T(w)T(w) : —%82T(w). (2.28)

The relation is complicated compared with Virasoro algebra. For general W-algebras, the
OPE relations become much more complicated and it is impossible to write down the explicit
OPE relations among currents. Then we have to find an alternative way to deal with W-
algebras. In the following, we review some systematic ways to construct and study W-
algebras. We refer to the comprehensive reviews [38, 39] for a more detailed explanation of

W-algebras.
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2.2.1 Classical case[]

One of the most powerful ways to construct W-algebras is the quantum Drinfeld-Sokolov
reduction. As is clear from the name, it has a classical counterpart. The motivation of
the construction comes from the classical integrable system known as KdV system. Before
considering the quantum case, let us get an overview of the classical story, based on [40].

The KdV equation is a nonlinear differential equation for the function u(z,t) given by
U — 6uu’ —u" = 0. (2.29)

Here, we set & = Oyu and v’ = O u. It is known that the KdV system is an integrable system
and possesses infinitely many conserved charges. That is guaranteed by the fact that the
equation (2.29) can be rewritten into the Lax form as follows:
oL =[P, L], (2.30)
L=0%+u, P =40+ 6ud, + 3u,. (2.31)
The Lax form allows us to construct infinitely many flow equations which are compatible
with each other in a systematic Wayﬁ

The KdV equation can also be described as a Hamiltonian system. The Poisson bracket

is given by
{u@),uly)} = 8"y — o) + 20/ (@)3(y — ) + 4ud'(y — o) (2.32)
and the equation can be rewritten as follows:
uw={H,u}, (2.33)

where H = [ “;dx. Let us define the component of u(x) as follows:

hi = L /:Ek“u(m)dm. (2.34)

21

Then the Poisson bracket (2.32)) implies
1
{he, i} = (K — Dhyyy + §6k+l70(k2 —1)k. (2.35)

This is precisely the classical Virasoro algebra. Here, we mean by ”classical” that the

algebraic relation is defined by not a commutator but a Poisson bracket.

"The reader can skip this section, but it helps us to understand the motivation of the method explained

in the next section.
2i41

8Concretely, the flow equations are given by 0;, L = [P;, L] (i = 1,2,3,---), where P, = (L™2 ). Here,

the fractional power of a differential operator contains negative power of derivative 9™ and the subscript
”+4+” means the projection to the part without nonnegative derivative. These equations are compatible,

namely, 0, 0, = O, O, which leads to the existence of infinitely many conserved charges.
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One can generalize the KdV system by replacing the Lax operator L defined in (2.31)
with the higher differential operator,

L=0"+up 20" 2 +u, 30"+ +up. (2.36)

The generalized KdV system can also be expressed in a Lax formalism similar to and
written as a Hamiltonian system. The classical W,, algebra is defined as the algebra formed
by u;(x) (i =0,1,---,n — 2) whose algebraic structure is given by the Poisson bracket.
The crucial observation is that one can reduce a higher order differential equation to a
first order differential equation. To see that, we introduce n functions pg = p, p1 = p', ps =

Py, s Pn—1 = Pl_o. Then the equation Lp = 0 is rewritten as
@—J+U)g=0, (2.37)

where J and U are n X n matrices whose nonzero components are J; ;41 = 1 and U,,_1; = u;
(1=0,1,--+ ,;n —2), namely,

0O 1 0 0 0 0 o
0 1 : 1
J = : 0 , U= C s = . (2.38)
1 0 0 Pn—2
0 -+« v o 0 Uy Up -+ Up—2 O Pn—1

More generally, any n-th order differential equation can be written in the form of
=0, l,=0—J+q, (2.39)

where ¢ is an n X n lower triangular matrix. Here, we need to note that the different
matrices ¢; and g, may give the same L. That happens iff they are related by the similarity
transformation I, = g~ 'l,,g for g € N'. Here, N denotes a set of the matrices in the form
of I + v where [ is the unit matrix and v is a strictly lower triangular matrix. Then we
need to fix this redundancy. We have already seen one possible choice in (2.38)), which is
sometimes called U-gauge. On the other hand, we can also fix the gauge without setting a
matrix to a particular form. One can consider the whole of n X n matrices by identifying
the elements related by the gauge transformation. Namely, one can obtain the classical W,
algebra as the reduction of sl,. One can also apply this method to the other simple Lie
algebras [41]. In the next section, we discuss the quantum counterpart of the above story
by using Becchi-Rouet-Stora-Tyutin (BRST) formalism which is known as the gauge fixing

procedure.

2.2.2 Quantum Drinfeld-Sokolov reduction

The quantum Drinfeld-Sokolov reduction is the systematic method to construct W-algebras

from affine Kac-Moody algebras [42], 43, [44]. The idea is the same as the classical case.
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Namely, the W-algebra is defined through the gauge fixing procedure. In this construction,
the data which characterizes the W-algebra are given by a simple Lie superalgebra g, the level
k of affine Kac-Moody algebra g and sly subalgebra {e, z, f} in dﬂ The last one determines
the type of reduction, as we will see below; in the previous discussion, we focused on the
matrix in the form of , but the other reductions are also possible. We give the detailed

prescription below:

1. g is decomposed by the eigenvalues of x as follows:

We note that the eigenvalues are half-integer due to the representation theory of sls.
We set

g+ = Diso iy g- = D<o Gi- (2.41)
For later convenience, we introduce index sets S, .S’ such that

g+ = Dies i, 9% = Dics’ ;- (2.42)
2. We introduce a pair of the ghost fields (¢(2), ¢} (z)) called charged ghosts for i € I}
Their statistics (i.e. fermionic or bosonic) are opposite to those of g;. Their OPEs are
given by
5t

# () (w) ~ (2.43)

We assign the charge 1 (resp. -1) to ¢*(2) (resp. ¢(z)). For the other fields, we set

the charge to zero.

3. We introduce another ghost field ®;(z) called neutral ghost for i € S” whose statistics
are the same as g;. The OPE is given by

D' (2)P (w) ~ M (2.44)

z—w
where (+|-) is the non-degenerate invariant norm of g.

4. We define the operator d as follows:

d= fdz d(z), (2.45)

9Precisely speaking, we can construct W-algebras from a nilpotent element f and a diagonizable element

x satisfying some conditions. The elements f, x do not need to be a part of sly-triplet [44].
10They are often called bec ghosts for the fermionic fields and 37 ghosts for the bosonic fields.
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() = S ((C0PT() + (1179 )i () — 5 32 (PP £ et () ()
€S ,5,l€S . (2.46)

+ ) ()P (2

ies’
It is obvious that this operator is fermionic and its charge is 1. Because d(z)d(w) ~
O((z — w)?), we find d* = 0. Then we can see d as a BRST operator and define the
BRST complex (Cr,d) graded by the charge introduced above. Here, the subscript k
denotes the level of affine Kac-Moody algebra. The W-algebra is defined as the zeroth

cohomology.

We note that the first two terms in give the standard BRST operator which classically
sets J%(z) to the constant —(—1)?/)(f|J?) for i € S. The last term may be unfamiliar, but
it is necessary in order to impose e(z) = —1 consistently; if we set all the elements of g1 to
zero, e(z) is also set to zero because the commutator of the elements in g1 becomes zero.
Let us first check that the W-algebra defined above always contains Virasoro algebra.
The total Virasoro algebra should consist of three factors: the affine Lie algebra, the charged
ghosts and the neutral ghosts. Let us introduce the following energy-momentum tensor to

each sector:

T9(z) = Z J(2)J;(2) : +0x(2), (2.47)

TN (2 Z m; :pi(z D+ Z (1 —my) : (Ot (2))e"(2) 1, (2.48)
€S €S
() = % S (00 (2)i(2) -, (2.49)

€S’

where the parameters m; are defined by
[z, J"] = m;J". (2.50)

These currents are defined so that the conformal dimension of d(z) will be equal to 1; each

field behaves as a primary field whose conformal dimension is given as followﬂ:

, 1
J(z):1—my, wi(z) 1 —my i (2) :my,  Pi(z2): 3 (2.51)
The central charges of these energy-momentum tensors are given by

k sdimg

4 = — 12k 2.52

¢t == (1P (12m? — 12m, +2), (2.53)

ieS

r ..

"= —5 sdimg. (2.54)

UPrecisely, the Cartan element J%(z) satisfying (z|J%) # 0 behaves as a quasi-primary field.
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The total energy-momentum tensor and its central charge are given by

T(z) = T%2) + T™(2) + T™(2), (2.55)

Fes — ke + h)22, (2.56)

1
ch ne __ ; im —
c=c"+ " + " = sdimgy §Sd1 g1 12|W

where p is the Weyl vector which satisfies (p, «) = 1 for all the simple roots . Because the
conformal dimension of d(z) is one, it satisfies [d, T'(z)] = 0, which implies that 7'(z) is the
energy-momentum tensor for Wy(g, z, f).

As an example, let us consider the case of g = 5[ and f = J~% where § is the longest
root. We note that this case corresponds to . This sly embedding is often called
principal. In this case, we can identify S with the positive root system A*. The BRST

charge is given by

d=d" +ad",

d(mz/dz(z Ja(z)go’&(z)—% Yo P (R)en(R)eh(2) > (2.57)

aEAT a,B,yeAt
a = [ @2 ()i
where we set

N 1 if « is simple.
X(J%) = | (258)
0 otherwise.

We note that the neutral ghost does not appear in this case. For the computation of the

cohomology, we introduce the current,

T =T+ Y (o)) (2.59)

BreAt
We split the complex C} into the two parts, C7 = Cp; ® Cp,. Here, C7 | is spanned by
J%(z) and ¢*(z) while C} 5 is spanned by Jo(2) (a € A~ Un) and ¢%(z). We note that this
decomposition holds not only at the level of the vector space but also at the level of the

complex. The cohomology of C}; can be easily computed. From the relation
[d. 7] =0, {d.¢"(2)} = J*(2) + x(J*). (2.60)

we see that the identification J “(z) ~ —x(J%) holds in the cohomology, which implies that
we can identify the zeroth cohomology of C7 | as constant C. This result corresponds to the
gauge fixing in (2.38]) where the strictly upper triangular part of the matrix is fixed. We

note that the cohomological degree (ghost charge) can now take non-negative values.

2In this thesis, we do not distinguish sl and su(N).
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The remaining task is to compute the cohomology of C},. The important observation
is that we can associate the structure of a double complex to C}, because of the relation
d® . d® = qW .40 = {d® @D} = 0. Then we can use the technique of the spectral
sequence where the zeroth differential and the first differential are given by d) and d©,

respectively. Let us consider the cohomology for d*). From the relation

[d®, 2] = Y (1, TUT)es(2), (2.61)

peAt

we see that J%(z) commutes with d¥) if and only if [f, J%] = 0 holds, or in other words, J¢
is the lowest weight vector of sl multiplet. Because sly is decomposed into the irreducible
representations of sly as sly =3B5P 7D --- B2N —1 H, we have N — 1 lowest vector.
We denote by P®(z) (i = 1,2,---,N — 1) the linear combination of the corresponding
f“(z)s. We note that these currents correspond to ug, uy, -« ,Up_2 in . One may also
see that the fields ¢’ (z) also commute with d), but they are exact elements, which can be
seen from (2.61). That implies the identification ¢} (z) ~ 0. Thus one can show that the
cohomology for d) is generated by P("(z) if the cohomological degree (i.e. ghost charge)
is 0. For the other degree, it vanishes. Next, we need to take the cohomology for d®. That
can be implemented by adding to P (z) the correction terms so that it will commute with
the differential d = d(®© 4+ dV. They can be determined recursively by solving d(l)Xj+1(z) =
—dX;(z), Xo = P%(z). Then the generator is given by W®(z) = PO(z) + 7| X;(2),
where n is an integer such that d®X,(z) = 0 holds. One can see from that the
conformal dimension of these generators are 2,3,4,---, N. Thus this W-algebra is Wy
algebra.

For generic g and sl; embedding, it is difficult to compute the cohomology, but it is
expected that the corresponding W-algebra is generated by the currents in the form of
P@(2)+- -, where P is again the current associated with the lowest vector of sly multiplet.
When g is decomposed by sl into g = ny @ ny @ - - - ® nyy, the W-algebra is generated by
the currents W@ (z) (i = 1,2,---, M) with the conformal dimension "12“, ngtl .. nydl

2 2
One can easily check that this claim is true at least for a singlet of sl;. Indeed, one can

immediately check that the following current Ji(z) satisfies [d, J*(z)] = 0 if g; is a sl singlet:

Ji(2) = JH(2) + J% (2) + Ji(2), (2.62)
where
n(z) = — Z (=P fiF - I (2)pr(2) (2.63)
j,keS
Ji(2) = —% D (=P fE D (2)Dp(2) ¢ (2.64)
7,kes’

13We denote by n the n-dimensional sl, irreducible representation.
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We note that the sl, embedding of sly is labeled by the partition of N as follows:

0
1
nq 0
1
0

f=

0

0 0

o

0
1

o
o
o

o
= o
o

o

o ro

0
nM[

Figure 4: This figure corresponds to sl, embedding for the partition N = ny +ng + -+ -nyy

(n17n27”' y M Z 1. )

For later convenience, we denote by DS, (sly) the DS reduction for the partition N =
n+l4+1+1+4---+1.
Finally, we mention to the case of g = sly;;. We first fix the notation. We denote the

elements of sly; by
2h1+ho

3 €12 €1
T el (2.65)
fi €2 ‘ bk

In this case, the sly embedding is uniquely determined; it is given by (eq2, h1 +ha, fi2). Then
sly1 is decomposed into 1+ 2 + 2 + 3, which corresponds to (hy — ha), (€1, f2), (e2, f1) and
(e12, h1 + ha, f12), respectively. According to the previous discussion, it is expected that we
have BRST-closed currents G*(z), G~ (z),T(z) with conformal dimension 2, 3,2 in addition
to J(z) = J™M=h2)(z). This is indeed true and it is not difficult to find an explicit form of

these currents by hand [} The OPE between these currents are given as follows:

S w w 3G* (w w
T(2)T(w) ~ e _2w)4 + (ii(w))Q + iT_(w), T(2)G*(w) ~ <2ZG_ (w))g + 8ZG_(w),

w w + w
T(2)J(w) (Z‘]_( 13)2 + (Z‘]_( w) GE(2)GF(w) ~ 0, J(2)GF(w) ~ C:_(w>, (2.66)
FEE W~ 7 = wp (j {%))2 » o)

where the central charge is ¢ = —3(2k + 1). This algebra is known as N' = 2 super Virasoro

algebra. We note that the currents T'(z), J(z) are bosonic while G*(z) are fermionic.

4The explicit form can be found in [44].
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2.2.3 Coset construction

There is another way to define W-algebras from affine Kac-Moody algebras. It is called
coset construction [45]. Let G be an affine Kac-Moody algebra and H be its subalgebra.
One can construct a W-algebra from them as the set of the elements of G commuting with
H. We denote it by G / H. The energy-momentum tensor which commutes with the H

currents is given by
T(z) =Tg(z) — Tu(z), (2.67)

where T(z) and Ty (2) are the Sugawara energy-momentum tensors for G and H , Tespec-

tively. The central charge is given by
c=cq—Cp. (2.68)
One of the examples which is important in this thesis is

SU(2)s
U()

which is known as SU(2) parafermion [46]. Let us consider the Hilbert space when k£ is a

, (2.69)

positive integer. Here, we fix the normalization of SU (2)) as

:t'U)
Tl PRrw) ~ T s )

k 2.J3
n (w)

J3(2)J3(w) ~ - . (2.70)

Z—w

By definition, the integrable representation L£; of SU (2)x is decomposed into the represen-
tation of the parafermion and that of U (1):

Li=&® mez MIE @ MUD (2.71)
l me27Z
where MZ(” is the U(1 (1) module whose eigenvalue of J§ is 2. We note that not all of

M - give different modules. To see that, let us consider the affine Weyl group. It includes
the transformation subgroup labeled by the coroot. In the case of SU (2), it changes Jg
to J3 + nk (n € Z). Because the representation space of the integrable representation is
invariant under the affine Weyl group, the RHS of should be also invariant. Therefore,

we find the identification

My~ Mmoo (JEZ) (2.72)
and we can rewrite (2.71]) as
L1 =& mezy My, © vIm, yl0 = g MU0 (2.73)

l—me2Z

There is still a redundant symmetry which transforms £; into £;_; and Jg into J§ + g It
corresponds to the permutation of the two simple roots for SU(2). Therefore, the following

identification also holds:

MR~ MEE e (2.74)
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From this, one can see that the independent module lies in the region
-1 <m<I. (2.75)
The conformal dimension h;y, of M[}, can be computed from (2.67) as

I(1+2) m?
PF

_ 2.
i A4k +2) 4k (276)

The character x; (1) of the parafermion can be read off from the relation

Opmi(T, 2
)= % xﬁ£<r>——4ﬁi——l, (2.77)
= n(7)
m 2k
l—meE27

2miT 27riz)

where x(7,2) = Tr g0 sy’ (g =¥ y=e

/4 ﬁ 1 g Z OB g, (2.78)

j=—o00

measures both Ly and J& and we set

The character of SU(2);, is obtained as Xl h SU) (1,2) = @l“"gf;(izz)) @6 (l1+21()7k,:)2 from Weyl-
(k) ’

1o (T) = X[ m(7)/0(7) is called string function and we will use
this function later. Because of (2.72)) and ([2.74)), it satisfies

Kac formula. The function ¢

k k k
e (7)) = A k() = e (7). (2.79)

We note that the string function becomes 1/n(7) when k = 1.

Finally, we briefly mention the relation between the coset construction and the BRST
approach, based on [47]. In a Lagrangian description, the coset CFT G / H is realized from
a gauged Wess-Zumino-Witten (WZW) model, which is obtained by gauging H-symmetry
of the G WZW mode with level k. One can implement the gauge fixing procedure by
the standard Fadeev-Popov procedure. As a result, the physical observables are given by

BRST-closed operators within
@k ® ]?Lk,ghy{ ® ghost fields, (2.80)

where the ghost fields are introduced for every element of H. The total central charge is

Fdim G (—k—2h))dim H
= —2dim H
S Ty A g T A B A

kdimG kdimH

Tkt hy  k+hy

(2.81)

which indeed matches the coset construction. We will use this relation in the next section.
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2.3 Wy minimal models and A = 2 unitary minimal models

In this section, we review the minimal models for Wy algebra and N = 2 super Virasoro
algebra. As we mentioned, a minimal model describes the system which consists of a finite
number of degenerate primary fields. There are several ways to obtain such fields. In Section
2.3.1] we consider the Wy minimal models by using free boson representation. In Section

2.3.2] we consider the unitary N/ = 2 minimal models by using the coset construction.

2.3.1 Wy minimal models from free boson realization

In Section [2.2.1], we have seen a close connection between the classical Wy algebra and the
N-th order differential operator L given in (2.36)). We discussed the particular gauge (2.38)),

but there is another simple gauge as follows:
L=(0+v1)(0+wvg)---(0+vn). (2.82)

Motivated by this observation, Fateev and Lukyanov constructed Wy algebra using N — 1
free bosons [48]. They introduced the differential operator

RM(2) = (Q0 + &y - 00(2))(Q0 + Ey-1 - 06(2)) -+ (QO + &1 - 0(2)) - . (2.83)
Here, ¢ is the (N — 1)-component free bosons

()
6= (6V(:),00(2), - 6N V(), 90() =gV +af logz =Y T (284)

n#0
with the OPEs
¢V (2)pY) (w) ~ —8;jlog(z —w) (i,j =1,2,---N —1). (2.85)
é; is an (N — 1)-dimensional Vecto satisfying
al 1
D E=0, & §=0b;-~ (,j=12-N) (2.86)

i=1
The parameter () is related to the central charge, as we will see below.

The current W) (z) with conformal dimension s is obtained by expanding (2.83) as

follows:

N

RM(z) => W) (2)(Qo)" . (2.87)

s=0

15These vectors are the bases of the hyperplane in RY. Letting & (i = 1,2,---, N) be the unit vector
along the i-th axis, one can see that the vector {L can be expressed as {: =€ — % Zjvzl €j.
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For example, the explicit form of W) (2) and W) (2) is given by

wh(z) = Zé-@gg(z):(), (2.88)
WOG) = (@00 En 00() 1@ SN — K 5%3(2)
= (00 Q- (2.89)

where p = %Z]kvzl(N + 1 — 2k)& corresponds to the Weyl vector of su(N). The current
)

W® (%) is the energy-momentum tensor with the central charge
c=N-1+Q*N*-1)N. (2.90)

The explicit form of the higher spin currents is more complicated. Instead, one can charac-

terize them as the operators commuting with a set of the vertex operators as follows:

Si - fdz : Bbilai'(g(z) : (Z = 17 27 T aN - 1)7 (291)

)

Here, b and @; are defined by
Q=b+b", &=&—&n (2.93)

and the vectors @; correspond to the simple roots of su(N). The vertex operators SijE are

called screening charges. We note that Wy algebra is invariant under the transformation
b bt (2.94)

This duality is called Feigin-Frenkel duality.
One can construct the highest weight state of Wy algebra by using the Fock spaces given
by

a1 =0(n>0), o@)=—wld) (=12 ,N-1). (2.95)

The conformal dimension A for this state can be computed from ([2.89)) as

1
h = —§EQ+Qﬁ~ﬁ (2.96)

The screening charges play an important role in the construction of the null vectors. For

simplicity, let us consider the N = 2 case. In this case, we have only one boson and can

simply express (2.91)) and (2.96)) as

2
S* = ]{dz VRO L = Ly @ (2.97)
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Let us consider the following statd}

(ST |u — V2rb)
/le/dZQ /dzr St (z1) - ST (2) Ju — \/§Tb>
/dzl /d22 /dzr H 2% 5t (z) - ST () ¢ lu— V2rb) (2.98)
1<i<j<r
/le/dZQ /er H —Z] —2b? H \[b(u \f?“b Hexp<bz anzln>
1<i<g<r n>0

Because of , one can see that this state also satisfies the condition for the highest weight
state. However, there is a possibility that it becomes zero. To obtain a non-vanishing state,
we have to discuss the integration contour carefully, but we take a shortcut here. The
integrand in consists of infinitely many descendant states, but the non-vanishing
terms must be invariant under the transformation z; — Az;. That requires

r—r(r —1)b* —V2rb(u — V2rb) + N = 0 (2.99)
for some N € N. If we set N = rs, it can be rewritten as
Vou = (1+7)b+ (1+ )b (2.100)

Using , one can check that the conformal dimension of |u) is equal to h, s given in
(2.11f). Here, we note that is a necessary condition and does not require s to be a
positive integer. One can obtain the sufficient condition by considering the order of Kac
determinant. We explain that along the line of [49]. One can read off the information of

the null vectors from the determinant of the matrix
<u’a{mi}L{”i}

u) = [12 (L) |u) and (u|a™} = (u| T[22, (a;)™. Because the null

state appears in the zero-locus of the determinant, we can find the number of the null states

uy, (2.101)

where we set L{"}

from its order. Let us denote by dy the order of the determinant at level N. Then we have

i dyz = i Z npa™y
N=1 N=1 {n;}
S kng=N

= (2.102)

N=1 r,s>1
1<rs<N

60ne can also construct a similar state by using S—.
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where p(n) denotes the number of the partition of an integer n. This implies that there is
a null vector at level rs for each r,s > 1. Thus, we see that we should set s to a positive
integer.

As we mentioned in Section [2.1], the degenerate primary fields labeled by r, s are not
independent for the particular central charges. When b? = —§ for coprime integers p, ¢, the
relation s = hyi44p holds. Furthermore, the null state which we should set to zero can
be expressed as hy s +7s = hyigp—s = hg—rpts. Therefore, we can construct the model which

contains only a finite number of the degenerate primary fields with
1<r<qg—1, 1<s<p-—1. (2.103)

This is the Virasoro minimal model.
In the same way, we can construct the Wy minimal model. We can express the degenerate

module as

s
S

@ (i=1,2---N-1). (2.104)

Here, we note that there can be at most N — 1 null vectors in the case of Wiy algebra.
Such modules are called maximally degenerate modules. In this case, the condition ([2.100])

becomes
@it = (1+m)b+ (1+mn;)b " (2.105)

for m;,n; € N. In this module, there are null states at level m;n; for i = 1,2,--- /N — 1.

By introducing the fundamental weight ¢; which satisfies @; - &J; = J; j, we can express

N-1

i = Z((l +m;)b + (1 —i—ni)bl)ﬁi. (2.106)
i=1
Similarly to the previous case, we can construct the minimal models when b* = —§. The

degenerate primary fields contained in this model are restricted to the following region:

N-1 N-1
d mi<q, D> mi<p (2.107)
i=1 i=1

We note that we need p,q > N. These modules contain additional null states at level

(¢ — 3 mi)(p— SN ni). We can compute the conformal dimension h from (2.96) as

]' — Qz—.\
h=—§(U—Qﬁ)2+7P2

) ) (2.108)
12050 (s — qni)@)* = N(N? = 1) (p — ¢)?
24pq ’
where we use p 2 = N(Alf—;_l) and j= SN d;.

28



2.3.2 N =2 unitary minimal models

In Section [2.2.2] we discuss N' = 2 super Virasoro algebra (2.66]) in terms of the quantum
Drinfeld-Sokolov reduction. On the other hand, it is also possible to realize it by the coset

construction as follows [50]:

SU(2), ® Ff

2 2.109
o) (2.109)
Here, Ff denotes the free fermions 1*(z) with the OPE
_ 1
P () ~ S () ~ 0, (2.110)

They form a U(1) current J/(2) =: ¢ (2)y~(2) ;. The U(1) current in the denominator
of (2.109) is given by the sum of J?(z) in @(Q)k and J/(z). One can explicitly construct
the currents of N' = 2 super Virasoro algebra as the elements commuting with this U(1)
current. For example, the U(1) current J(z) in N/ = 2 super Virasoro algebra is given by
k 2
= _Jl) - ——_
rre’ T

One can construct the representation space from that of SU (2) and the free fermion.

J(2) J3(2). (2.111)

For the free fermion, we only have to determine the eigenvalue of Jg for the highest weight
state. The Neveu-Schwarz (NS) sector corresponds to JJ = 0 while the Ramond (R) sector
corresponds to Jg = i%. For SU (2)g, we may need to remove null states to obtain the
irreducible representation. Especially, one can obtain the unitary representation called
integrable representation when k € Z~,. These modules realize the unitary minimal model.
The central charge is given by
3k
T k+2
In the following, we focus on the NS sector.
As in the case of the parafermion discussed in , we have the following branching

relation:

C (k/’ € Z21)~ (2112)

sVir U U — U
LoV = @nﬁez%ﬁ)/\/llyn VYW, VIO =g MY (2.113)
—me

Here, V! is the Hilbert space of the free fermion. Because the energy-momentum tensor

and the U(1) current are defined as and , the conformal dimension h;, and
the U(1) charge J;,, of the primary fields are given as

p - A2 —m? o m

" dk+2) 7 " k42

where 0 <1 <k, =l <m <landl—m € 27Z. The character was derived in [35] as followﬂ

_ < n z
Xi(7,2) i=Tr gho sy = > Cl(,n)1+2r(T)@2m+2r("+2)72n(n+2)(T’n——|-2)' (2.115)
r€Zon

(2.114)

1Precisely speaking, the character was first derived in [33, [34] by studying the embedding relation of

the null states. We note that one can also construct the null states by using the screening charge [49].
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3 Y-algebra and its generalization

In this section, we review the Y-algebra, a new family of W-algebras proposed by Gaiotto
and Rapcak [24]. In Section , we review the construction from the gauge theory. We
also explain the triality symmetry, the modules and the relation to Wi, .. These properties
play an important role in Section 4l In Section we discuss the generalization of the
Y-algebra studied by Prochazka and Rapcak [27]. We will see that we can construct various

We-algebras in this framework.

3.1 Y-algebras

The Y-algebra is constructed from the 4d supersymmetric gauge theory with the 3d Y-
shaped domain wall (see Figure @ It is the W-algebra which appears at the 2d corner
of this domain wall. We can find its explicit expression by a step-by-step analysis; the 2d
theory at the corner can be specified by first reducing the 4d theory to the 3d theory and
then studying its boundary. The final result is given in (3.6)).

3.1.1 Construction from the gauge theory

Gaiotto and Rapcak constructed a family of W-algebras from the gauge theory setup which
naturally arises from type IIB string theory. In type IIB string theory, there are (1 + 5)-
dimensional objects labeled by two charges (p,q), where p,q are coprime integers. It is
believed that type IIB string theory possesses SL(2,7Z) symmetry, under which the charges
(p, q) transform as a doublet. In our notation, the (1,0) brane and (0,1) brane correspond
to D5-brane and NS5-brane, respectively. As discussed in [51] [52], one can consider a web

of 5-branes which preserves 1/4 supersymmetry. The following figures show some examples:

xim NS5
<—1,-1/> /2 %—K

Figure 5: These figures show some examples for (p, ¢)-webs. The most fundamental one is
the trivalent vertex formed by D5-brane, NS5-brane and (-1,-1) brane.

Let us explain how to interpret these figures. We denote by xg,z1,- -, x9 the coordinate
of ten-dimensional spacetime. Let us consider the situation that all of the 5-branes share

(144)-dimension, for example, xq, z1, x4, x5, ¢ direction. Then each brane should fill one
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more dimension. We can encode the information about the configuration in a web-diagram
in a two-dimensional plane, for example, (x9,x3)-plane. The web-diagram must satisfy two
properties. First, the charge conservation must be satisfied at every junction. That means
that each trivalent vertex consists of three (p;, ¢;)-branes (i = 1,2, 3) satisfying 2?21 pi =0
and Zf’zl ¢; = 0. Second, each brane must have an appropriate slope to keep a part of
supersymmetry. For simplicity, we draw the (p, ¢)-fivebrane by the line with slope ¢/p. The
diagrams drawn in this way are called (p, ¢)-web. The most fundamental diagram is the left
one in Figure [51 We can obtain any other trivalent vertex via SL(2,7Z) transformation and
any other (p, q)-web by gluing trivalent vertices.

One can also add (1+3)-dimensional objects called D3-branes to (p,q)-web, keeping a
part of supersymmetry. In [24], Gaiotto and Rapcak considered the system consisting of

the trivalent vertex and several numbers of D3-branes as follows:

zi NS5
Z2
N
L D5 |—|—|— B [ -

D5
NS5 | —|—| |—|-|—|—

To|T1 |X2 | T3 | T4 |T5 | Te | TT7 | XS | TY

Figure 6: The trivalent vertex consisting of D5-brane, NS5-brane and (-1,-1)-fivebrane di-
vides (x9,z3)-plane into the three regions, where L, M, N D3-branes are inserted, respec-

tively. In the right table, the directions along which the branes extend are denoted by bars.

Here, D3-branes are inserted in each region separated by the 5-branes. They extend to both
To direction and z3 direction. The spacetime in which the branes live is summarized in the
above table. As is well known, the effective theory on the D3-brane is described by N = 4
super Yang-Mills theory (SYM). In the low-energy limit, the above system is described
by the four-dimensional N' = 4 SYMs whose gauge groups are U(L), U(M) and U(N),
respectively. These three gauge theories are separated by three-dimensional interfaces. Our
concern is the two-dimensional theory living at the corner in the (x5, x3)-plane.

In principle, the two-dimensional theory at the corner can be determined by carefully
analyzing the boundary condition, but it is much simpler to consider the topologically
twisted N' = 4 SYM [53]. The advantage of considering the topologically twisted N = 4
SYM is that we can use the result of [54]. It was discussed that the path integral of Chern-
Simons (CS) theory on the three-dimensional manifold M; can be interpreted as that of the
topologically twisted N' =4 SYM on M3 x R* with a certain boundary condition. One can
also think of it as the result of the fact that the degree of freedom in the topological field
theory localizes to its boundary. In [24], this result was applied to Figure [0 and M; was
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identified with the intersection between D3-brane and (g, 1)-brane. The relation between

the coupling constant ¥ of SYM and the level k£ of the CS theory is given as
Utqg=k+h", (3.1)

where 1Y is the dual Coxeter number of the gauge group.

From the above discussion, the system reduces to the CS theories, which meet at the
two-dimensional corner. As is well known, a two-dimensional CFT lives on the boundary of
the CS theory. The W-algebra realized at the corner depends on the boundary condition.
If we fix the form of the gauge field as in Figure [] at the boundary, the W-algebra is given
by the corresponding DS reduction. Let us first consider the simple case, L = M = 0. In
this case, we have the CS theory on M3 = R? x R*, where R? corresponds to (zg, z1)-plane
while R to z3 > 0. This CS theory is mapped to the topologically twisted N' =4 SYM on
M; x R*, where R™ corresponds to o > 0 (see the following figure):

NS5
U(N) CS theory on R? x R*

0 D5 = + 2d CFT

Figure 7: Left: topologically twisted N =4 U(N) SYM on R? x RT x R*. Right: U(N)
CS theory on R? x R*.

The boundary condition at R (xo > 0) is in principle determined by that of the CS theory,

and we want to set it so that it will correspond to the D5-boundary. We can guess it from S-

0 1
duality of string theory. Because NS5-brane and D5-brane are related by S = 0 ) €

SL(2,7Z), the 2d CFT living at the corner should be invariant under this transformation
and the flip of the diagram. Because it changes ¥ to W™! the W-algebra realized at the
corner should possess duality which exchanges ¥ and U~!. That is satisfied if we chose the
principal embedding because the corresponding W-algebra D.S N[ﬁ (N)g| = Wy x U (1)
possesses such a duality .

Next, let us consider the case of L = 0. It is enough to consider the case of N > M. In

this case, there are two CS theories as follows:

18We fix the normalization for the level of U(N) so that the level of its subalgebra EE(N) will become
¥ — N.
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NS5
U(N) CS theory on R? x R

0 D5 = .« 2d CFT on R2

U(M) CS theory on R? x R*

It is known that the U(N) x U(M) gauge symmetry in the bulk is broken to the diagonal
part of U(M) x U(M) by the D5-brane. Then the gauge field of the U(N) CS theory is
decomposed at the corner into (N — M) x (N — M) block and M x M block. Namely,
the (N — M) x (N — M) part of the gauge symmetry is broken at the corner. Thus, it
gives DSx_ M[l? (N)g] curren at the corner. On the other hand, U(M) CS theory gives
U (M);_g at the corner. The W-algebra realized at the corner is obtained after fixing the
redundancy of the remaining U(M) gauge symmetry by the BRST procedure. We note that
the level of the total current U (M) must be zero because otherwise it would be anomalous. If
the level of U (M) in DSN_M[ﬁ(N)q/] @U(M);_g@bc”™) is not zero, that must be canceled
out by some matter fields living at the corner. Recalling that the level of SU (M) in U(M)yg
is ¥ — M in our normalization, we see that we need to add U(1) ® @(N)_l if and only if
N = M. The matter field which realizes this current is given by U(/N) symplectic bosons
SbY™) which consist of N pairs of a symplectic boson X%(z), Yy(2) (a,b=1,2,--- , N) with
the following OPEs:

X 2)Yp(w) ~ 0% ;X)X (w) ~ 0, Yi(2)Yy(w) ~ 0. (3.2)

Z—Ww

The U(N) current is given by J¢ = X%2)Yy(2). Summarizing, the W-algebra at the corner
is given by the BRST reduction of

U(N)y ® U(N)y_g © ShY™) @ bV ™) (N = M)
DSn_m[U(N)g] @ U(M)1_g @ bc? @™ (N > M) (3.3)
DSy n[U(M)1_g] @ U(N)gy @ b ™ (N < M).

We can do a similar analysis in the case of L # 0. The difference from the previous case
is that D3-branes are inserted in both sides of (¢, 1)-brane. Then we only have to replace the
gauge group U(N),U(M) with the super Lie group U(N|L),U(M|L), respectively [55]. For
the matter fields, we need to add U(L) symplectic fermion SfY") as well as Sb¥™) where
StV consists of L pairs of a symplectic fermion P4(2),x%(2) (a,b=1,2,--- L) with the
following OPEs:

O

Z—w

U (2)xp(w) ~

(3.4)

19Gee the comment below Figure 4 for the notation.
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We denote by SbY M) the combination of SbY ™) and StY®). Then we can generalize 1}

to generic cases as

U(N|L)y ® U(N|L)1_g @ SN @ heNID) (N = M)
DSy-m[U(N|L)g] @ U(M|L)1—y @ b/ M (N > M) (3.5)
DSy n[U(M|L)1_¢] @ U(N|L)y @ bV (N < M),

where the off-diagonal part of the ghost fields be? ™) should be interpreted as 8y ghost.

We note that the relation between the parameters is given by (3.1]), where h¥ = N — L for
U(N|L). By using (2.80]), we can rewrite (3.5)) into a simpler form as

( (7(N|AL)\1, ® ShYWID) (N = M)
U(NI|L)y_1
Yo un[¥] = DS];]\_(]]\\/IJEENM)W] (N > M) (3.6)
DSMfLV[(Af(MM)quH] (N < M),
\ U(N|L)-w

This is the final result for the W-algebra realized at the corner.

Let us see some examples. According to the above definition, we have Y{o n[V]

~

DSy[U(N)g]. As we explained in Section m, it gives Wy algebra with an extra U(1)
2)

boson. The next example is Yy 2[¥V] = % As we have seen in [2.2.3] it gives SU(

parafermion with an extra U(1) boson. In this way, one can obtain various W-algebras by
changing the value of L, M, N.

3.1.2 Triality

The Y-algebra possesses a nontrivial automorphism inherited from SL(2,7Z) symmetry of
type IIB string theory. While the D3-branes are invariant under SL(2,7Z), 5-branes and the
coupling constant ¥ are transformed nontrivially. We will give the detail in Section (3.2
Here, we describe the main point. For some SL(2,7Z), 5-branes are exchanged with each
other and the corner configuration is kept invariant. That implies that the Y-algebra has
S3 automorphism under which L, M, N are permuted. This automorphism is called triality.

Let us consider Yo n[¥] as an example. The triality implies the following relation:

1
Yoon[¥] = Yono[l — V'] = YN,o,o[l — \IJ] (3.7)
According to (3.6]), this relation can be rewritten as
~ N U(N)_y @ StV™)
DSVIT(N)a] = DSyT(N)y1] = L) . (3.5
U(N)l_q;
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The first equation is exactly Feigin-Frenkel duality. The second equation is more interesting.
The last one is indeed known as the coset realization of Wy algebra@. In this way, the triality

provides us nontrivial relations among different realizations of W-algebras.

3.1.3 Modules of the Y-algebra

Let us discuss the module of the Y-algebra. It is realized by the local operators at the
corner. The characteristic ones are those induced from the line operators in the 3d interfaces.
Concretely, we consider the line operator such that one of its endpoints attaches to the corner

while the other one extends to the infinity as follows:

Figure 8: Line operators are inserted in the three-dimensional interfaces.

It is characterized by the weight of the gauge group. As an example, let us consider
Yoon[¥] = Wy X U (1). In this case, we have two 3d interfaces and the module is la-
beled by two U(N) weights. We have already seen such modules in Section m They
are expected to give the maximally degenerate modules. For general cases, we can insert
three line operators and they are expected to give the maximally degenerate modules for
Y mun[¥]. We will give a more detailed explanation in Section .

3.1.4 The relation to Wy, and a plane partition

As we have seen, the Y-algebra realizes various W-algebras. Then it is natural to expect
that there is a unified description of these algebras. The vacuum character gives crucial
information for thaﬂ. In [24], it was conjectured that the vacuum character of Yy n
matches the generating function of the plane partition with a pit at (L+1, M +1, N + 1)@
Here, we mean by a "pit” the place in which we cannot place a box. This claim was
checked for several cases. The observation suggests that the Y-algebra can be seen as a
truncation of Wi, ; recall that Wi, consists of the currents whose conformal dimensions

are 1,2,3,4,--- 00 and its vacuum character coincides with the MacMahon function (=

20This relation was proved in [56]. Further, the triality has been proved in [57] when one of L, M, N is
Zero.

21Tn this section, we do not include the factor ¢~ 27 in the character.

22 A plane partition is a 3d version of Young diagram. See the left of Figure |§| or Introduction.
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generating function of a plane partition)
1
et (L—qm)"

For the explanation of a plane partition, see Figure [I One of the simplest examples is

X(q):H =14+q¢+3¢2+6¢+13¢ " +--- . (3.9)

Yoon. It is well known that the generating function of the plane partition with height at
most N matches with the vacuum character of Wy x U (1). In the following, we consider

Yo~ n as a nontrivial examplﬂ. The algebra is given by the BRST reduction of

~

U(N)g x UN)1_g @ SHYP) x bV ™), (3.10)
Its character is obtained by taking the U (N )-invariant part of (3.10). Because U(N)x U(N)
cancels out bc?™) except the zero modes of ¢, the character is given by

dx; [Tz (1 - =)

XO,N,N((]):% - . (3.11)
= i [Tz HiJ\Ll(l — 7;,q""2)

N

Here, the denominator comes from the symplectic boson while the numerator comes from
co. We note that a Vandermonde determinant gives a measure of U(NN). Because the
orthogonal basis under this measure are given by the character of U(NN) representation (=

Schur polynomial), it is convenient to expand the integrand as
1
N 00
[Tz [T — g

where x,(z;) is the character of the U(NV) representation labeled by the Young diagram

A= (A1, A2, -+, An). Then (3.11)) becomes xonn(q) = D\ dr(q)dr(q).
One can give a combinatorial interpretation to dy(q) by using the Pieri rule

= > d@)xa(x), (3.12)

Xa(x;) m = Z X ()t (3.13)

where ;1 > \ means
1> A1 2> flg > Ao > > Uy > AN (3.14)

By applying (3.13)) repeatedly to the LHS of (3.12)), we see

dy. (q) = 3 g (Pol=al) 3 (al=pal) 45 (el =1asl) +--
0
A0 AL A=Az
3.15
- Z 3ol - (3.15)

A0 AL A2 A3

One can interpret it in terms of a plane partition as in Figure [9:

ZWe consider the plane partition with a pit at (N + 1, N +1,1), not (1, N + 1, N + 1). This is merely
because that is convenient to draw a figure.
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Figure 9: Left: An example of a plane partition. Right: Diagonal slicing of a plane partition.
It satisfies A\g = A; = Ao = -~ and \g = A1 = Ao > ---.

From the right of Figure [0} we can interpret °, dx(q)dx(¢) as the generating function of the
plane partition with a pit at (N +1, N+ 1,1). Thus, we see that the Hilbert space of Yy y n
is indeed described by a plane partition with a pit at (N + 1, N 4+ 1,1). The relation to
Witeo plays an important role in Section dl We note that the triality is manifestly realized

in a plane partition because it can be interpreted just as the permutation of three axes.

3.2 Generalization of the Y-algebra

One of the important features in Gaiotto-Rapcak’s construction is that one can obtain
infinitely many W-algebras from (p, ¢)-webs [27]. In Figure |5 the internal lines with finite
length shrink in the low-energy limit and the web-diagram reduces to a single junction.
The W-algebra associated with a (p, q)-web is formed by the local operators living there.
Because any (p, ¢)-webs can be constructed by gluing trivalent vertices, one can obtain the
associated W-algebras as the extension of the tensor product of several Y-algebras. In other
words, we can obtain various W-algebras by using the Y-algebra as a building block.

We have considered the trivalent vertex which consists of D5-brane, NS5-brane and
(—1, —1)-brane so far, but it is necessary to consider the other trivalent vertices to discuss
(p, q)-webs. We can obtain them by applying SL(2,7Z) transformation to the original vertex.

Under the transformation, the charge (a,b) of the fivebrane transforms as

“Vox| ), (3.16)
b b
where X is SL(2,Z) matrix,

X:<p q)’ ps —qr = 1. (3.17)

r s

At the same time, the coupling constant ¥ transforms as

pV¥ +¢q
r¥U + s

(3.18)
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The D3-branes are invariant under the transformation. Let Y]f ]1\;’4]\2,’%13 [V] be the Y-algebra

associated with the junction formed by A; = (p;, ¢;)-fivebranes (i = 1,2,3). From the above

discussion, we have

(3.19)

Y;}M‘,@AB (U] = Yo un

VU +p ]|

Now we are ready to consider the W-algebras associated with various (p, ¢)-webs. In the
following, we refer to them as generalized Y-algebras. Let us see some examples. We first

consider the following diagram:

Figure 10: We focus on the case of N > M. The right figure shows the reduction to the
Chern-Simons theories. The gauge group of the top CS theory is U(/N), which is broken to
U(M) in the middle line and completely broken at the bottom.

In the low-energy limit, the diagram reduces to a single junction, and our interest is in the
W-algebra formed by the local operators there. It is obvious that the Y-algebra at each
corner is the component of the W-algebra. There are also additional elements. Because we
consider the low-energy limit where the internal line shrinks, it is natural to expect that
the line operators connecting the two corners also behave as the local operators. Thus, it is
considered that the W-algebra associated with Figure [10| consists of the two Y-algebras and
the line operators. One can read off the parameters of the Y-algebras from as Yp12[V]
and Yo 01[¥ — 1]. The line operators are interpreted as the modules for both Y 2[V] and
Y0.0.1[V — 1], as we have seen in m They are characterized by the weight of gauge group
U(M) and we need to sum up all representations. The process that several W-algebras and
their modules lift to a larger W-algebra is called conformal extension or module extension.
In general, it is a highly nontrivial process. Therefore, the above brane construction provides
us a powerful tool to construct various W-algebras.

One can also define the above W-algebra by the BRST reduction as in the case of the
Y-algebra. Because there are two corners, the reduction is implemented twice. The gauge
group is broken from U(N) to U(M) at the upper corner and completely broken at the

lower corner. Therefore, the W-algebra under consideration is given by
DSu[DSy - ulU(N)a]] (3.20)
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Here, DSy_ means the DS reduction with SU(2) embedding in (N — M) x (N — M) block
while DS); means the DS reduction with SU(2) embedding in M x M block. The simplest
example is when N = 2, M = 1. In this case, we have affine Kac-Moody algebra (7(2)

It is nontrivial that the above two descriptions give the same W-algebra. In [27], several
consistency checks were provided. For example, it was checked that the conformal dimen-
sion of the module realized by the line operator is always integer or half-integer. This fact
supports the claim that the two Y-algebras and their modules form a new W-algebra con-
sistently. As an example, let us consider U (2). In this case, the conformal dimension of
the module with fundamental weight or anti-fundamental weight is 1. They can be inter-
preted as the current J*(z) of U(2). In Section , we explain how to compute the conformal
dimension of these modules in detail.

Next, let us consider the following diagram:

Figure 11: The left figure shows the web-diagram associated with N' = 2 super Virasoro ®
U(1) boson. The right figure shows the reduction to the Chern-Simons theories. The U(1)

symplectic fermion SfUM) lives at the lower junction.

The corresponding W-algebra is given by

TP (3.21)

which realizes N/ = 2 super Virasoro algebra and an extra U (1) as we have seen in Section
2.3.2. In terms of the Y-algebras, it is realized as the conformal extension of

1
Yo,12[¥] ® Yp0,1[1 — E] (3.22)

Here, we mention why it is convenient to express the algebra in terms of the Y-
algebras. As we have seen in Section[3.1.4] we can describe the Hilbert space of the Y-algebra
by a plane partition. Therefore, we can describe the Hilbert space of by two plane
partitions. We also need to take into account the elements coming from the line operators.
As we will explain in Section [£.5] they can also be interpreted in terms of plane partitions.
Thus, we can describe the total Hilbert space by using two plane partitions. The same

discussion can be applied to any (p, ¢)-webs. Therefore, we can describe the representation
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theory of any generalized Y-algebras by using plane partitions. We will discuss the plane
partition representation in detail in the next section.

Finally, let us consider the following diagram.

Ny

No

N3
Nn—l
— Np,

When Ny > Ny > N3--- > N,,_; > N, this diagram realizes

Dsy, -Nu[DSn, 3o s[-+- DSn-,[U(N1)u]]]
U<Nn)\117n+1

Especially, when N,, = 0, it provides all the W-algebras obtained from the DS reduction of

(3.23)

U (N)g. On the other hand, we can also see it as the conformal extension of
Yo.ne, [V] @ Yo, iy [¥ = 1] @ -+ @ Yo v, v, [ — 0+ 2]. (3.24)

In this way, the generalized Y-algebra realizes various W-algebras. Before ending this sec-
tion, we make a technical comment. The W-algebra is constructed from not only
but the line operators connecting two neighboring corners. They are characterized by
the weight of gauge group U(Ny), U(N3),--U(N,_1), respectively. Let us recall that the
weight of U(N) is labeled by the Young diagram p = (pq, ft2, -+ , ). As was claimed in
[27], we have to sum up all the Young diagrams p; > po > pg > -+ > puy. In the following,
we refer to them as intermediate Young diagrams. Here, we note that the length of the row
is not necessarily nonnegative. In other words, we have to sum up negative Young diagrams.
It may seem unimportant, but it causes a subtle problem when we try to interpret the above

construction in terms of a plane partition. We will discuss this point in Section [6.1

40



4 Affine Yangian of gl,

In this section, we review the affine Yangian of gl;, mainly based on [11]. We start from a
description of its definition in Section It is generated by three currents e(u), f(u), ¥ (u)
and centers. Because these currents are completely different from those of 2d CFTs, the
affine Yangian is seemingly unrelated to W-algebras at first sight. However, it is actually
isomorphic to Wi, as we will see in Section In Section we show the explicit
relation between the generators of the affine Yangian and U(1) and Virasoro subalgebras of
Wiiso. In Section we discuss the representation theory. One of the advantages of the
affine Yangian is that the defining relation between the generating currents can be explicitly
written. That allows us to construct an explicit representation theory as opposed to the
conventional technique to deal with W-algebras. The representation which is of particular
interest in this thesis is a plane partition representation. It provides us a new way to study
the representation theory of W-algebras. In Section [4.5] we consider the truncation of the
affine Yangian and its connection to the Y-algebra. As we mentioned in Section [3.1.4] the
Hilbert space of the Y-algebra is described by a plane partition with a pit. We discuss such
a plane partition in terms of the affine Yangian and show the relation between the affine

Yangian and the Y-algebra.

4.1 Definition

The affine Yangian of gl; is generated by the following elements,

The algebra has two parameters, but it is convenient to introduce three parameters hy, ho, hg €
C with a constraint,
hi+ hy + hs = 0. (4.2)

We also introduce the parameters

09 = hlhg + h2h3 + hghl, 03 = hlhghg. (43)

41



The defining relations are given as follows:

[vi, ¥5] =0, (4.4)
€143, €5] — 3leira, €j11] + 3leirr, €] — [€4, €545]

Fosleir1, €5] — ozl e51] — o3{es €5} =0, (4.5)
[firs, fi] = 3 fiva, fixa] + 3[fiv1, five] — fi, fias]

+02lfit1, fi] = o2l fis fia] + os{fis f5} =0, (4.6)
[Vivs, €] = 3[Yira, ej41] + 3[Viv1, ejpa] — [1s, €513]

+02[Yir1, €5] = o2[i, 5] — o3{vhi, €5} =0, (4.7)
[Wirs, fi] = 3[Yir2, fira] + 3, fia2] — Wi, fir3]

+0ootit, fi] — o2, fja] +os{ty, fi} =0, (4.8)
[ei, fi] = Yivg, (4.9)

(o, 5] = [Y1, e5] = [o, fi] = [¥1, fi] =0, [¥2,e5] = 2¢5,  [tho, ] = —2f;. (4.10)
where i, > 0 and {x,y} = zy + yz. The Serre relations are also imposed, but we omit it

because we do not use it. By introducing the Drinfeld currents

W=y S fw=Y - sw=1ra) SN @

the above relations except can be rewritten as follows:
[¢p(u), ¥ (v)] =0, (4.12)
o(u —v)e(u)e(v) + ¢(v — u)e(v)e(u) ~ 0, (4.13)
o(v —u) f(u)f(v) + d(u—v)f(v)f(u) ~0, (4.14)
P(u—v)Y(u)e(v) + ¢(v — u)e(v)h(u) ~ 0, (4.15)
oo —u)p(u) f(v) + ¢(u —v) f(v)1b(u) ~ 0, (4.16)
le(u), f(v)] = —013 1#(72 — f(v), (4.17)

where

o(u) = H(u — hy). (4.18)

2

Here, the notation ”~” implies that the both hand sides are equal up to the regular terms
at u = 0 or v = 0. One can see from the above relations that ¢y commutes with all of the
other elements. Such an element is called center.

The affine Yangian of gl; possesses several automorphisms. One can see that the above

defining relations are invariant under the following transformation,
he— ohi, u—au, e(u) > ae(w), f(u)—af(u), w(w)— (), (4.19)
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where « is an arbitrary parameter. In terms of the modes, it is rewritten as
€; — aj_lej, fj — Ozj_lfj, Q/Jj — aj_2¢j (] > 0) (420)

Due to this automorphism, the parameters h; and the center ¢y do not have meanings by
themselves. It is convenient to introduce the parameters \; (i = 1,2,3) which are invariant

under the automorphism as follows:

Voo
hi
Because of the constraint (4.2)), they are not independent but constrained by the condition,

3
d oAt =0 (4.22)
=1

)\i:_

(4.21)

The second automorphism is called spectral shift and given by
e(u) > e(u—q), flu) = flu—gq), ¥u)—=Pu—q), (4.23)
where ¢ is an arbitrary parameter. In terms of the modes, it can be rewritten as
i i - J i - J i -
N Y 4 PN Y 4 NN o (4.24

Finally, we mention that the algebra is obviously symmetric under the permutation of
hi, ho, hs. We will see that it is related to the triality of Y-algebra.

4.2 The relation to Wy

The relation between affine Yangian and Wi, ., can be presented in the following figure:

spin
F 3
o ofs |9Ws |ofes °
WG (z) Y olfs 1T/ oL o)
T(z) (Virasoro) .0 Ol 1. 1¢=2.....| ok o
fo Lt fo
J(2) ; — mode

(U(1) boson) — — —
fw Y e

Figure 12: A rough sketch of the relation between the affine Yangian and Wi ... The
elements of the algebra are depicted in the two dimensional lattice. The concrete relation

for U(1) boson and Virasoro algebra is given in the next section.
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Before explaining the relation, we mention the linear Wi ., [58]. Let us recall that the
Virasoro algebra is obtained as the central extension of the differential operator [,, = —z"D.,
where we set D, = z0,. As its generalization, we can consider the extended algebra formed
by all differential operators z"D™ (n € Z,m € Zxp). One can see that these differential

operators are closed under the commutator as follows:
(2" f(D.),2"g(D.)] = 2"t f(D, + m)g(D.) — 2"t f(D.,)g(D. + n), (4.25)

where f and g are arbitrary polynomials. The linear W7, ., algebra is obtained as the central
extension of (4.25). Let us denote by W (2" f(D,)) the corresponding element. Then the

commutation relation after the central extension is given by

(W (2" (D)), W (z"g(D-))]
= W (" f(D. +m)g(D.)) — W (" f(D.)g(D. + ) + CU("F(D.), 2"g(Ds)).
(4.26)

where the extension term W is fixed by Jacobi-identity as follows:

(z"f(D.),z"g(D.))

= Ontm,0 (G(n > 0) Zf(—j)g(n —j)—0(m >0) Zf(m — j)g(—j)) . (4.27)

Jj=1 Jj=1

The representation theory of Wi, ., depends on the value of C'. It was found that it realizes
W algebra (and an extra U(1) boson) when C' = N. However, it has become clear that it
cannot realize Wy algebra for generic central charges. Therefore, we need to add one more
parameter to Wi, in order to realize Wy algebra with generic central charges. The affine
Yangian gives such an algebra.

To see that the affine Yangian is one-parameter deformation of the linear Wy, let us
consider the case of hg = 0. For the other two parameters, we can fix them as hy = —hy =1
by using and . In this case, the elements of Y(g/la) can be realized by the

differential operators as follows [I1]:
e — (“1)W(z'DL), fi— (=1)"TW(Dlz), ;= (=)W ((D,+1)" — D.).(4.28)

Thus, the affine Yangian of gl, degenerates to the linear Wy, if we set h3 = 0. We note that
the currents e(u), f(u), 1 (u) are totally different from the currents in CFT. For example,
the current v (u) involves only the zero modes of the CFT currents. On the other hand, it
contains all the zero-modes of the currents with conformal dimension 1,2,3,---,00. The
parameter u is called spectral parameter in the context of integrable models and plays a

different role from z.
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4.3 U(1) and Virasoro subalgebra

Although the relation between the elements of the affine Yangian and those of Wi, is
highly nontrivial, we can find it for the U(1) current and Virasoro algebra [11]. If we set

1
Jo = 1/J17 J1=e, 1= _fO; Li=e, L= _fh Ly = 5%,

(4.29)
1 o 1 o
L o= 5[62,60] - to 3[61760], Ly = —§[f27f0] + Lo S[fbfo],

they satisfy the commutation relations of U(1) current and Virasoro algebra,
[Jna Jm] = w0n5n+m,0> (430)
[Lpy, Lin] = (n—m) Lyt + 12(n + Dn(n — 1)0n+m.0 (4.31)
(L, Jm] = =M, (4.32)

where the central charge is given by

c=—0ogthg — sy =1+ (A — 1)(da — 1)(N3 — 1). (4.33)

As is expected, the central charge is expressed by the parameters \; which is invariant under
the automorphism. We note that the normalization of the U(1) current is not the standard
one due to the factor 1)g. We also note that the first term in the last expression of
comes from the U(1) current. We can remove its contribution from Virasoro algebra by

subtracting the Sugawara current as follows:

decouple .
[ decoup L—Q—%Z I - (4.34)

meZ

For the zero-mode, we can express

Ldecouple . o ¢1 i 4.35
where the terms other than the first two terms vanish when they act on the highest weight

state. The other modes of Virasoro algebra can be obtained from the commutator of the

elements in 1} For example, we have L_ = [L_y, L_o] = %[e1, [ea, eo]] — %% e1, [e1, eo]].

4.4 Plane partition representation of the affine Yangian

In this section, we discuss the representation theory of the affine Yangian. As we mentioned,
the vacuum representation of Wi, ., can be described by a plane partition and the level of
the state corresponds to the number of boxes. In the following, we see how we can determine
the action of e(u), f(u), ¥ (u) on the plane partition [11].

Because of [¢;,1;] = 0, we can diagonalize v;s. Let us denote by A configuration of the
plane partition, by [A) the corresponding state and by ¢ (u) = 14033 % s u™7"" the
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eigenvalue of ¥(u) for the state |A). We also denote by |@) the highest weight state, which

satisfies
f; 10) = 0. (4.36)

Here, we think of f; (resp. e;) as the lowering (resp. raising) operators. We also introduce
the dual state (A| and the highest weight state (()] which satisfies

(0e; =0. (4.37)

Because the affine Yangian has infinitely many elements, there are generically infinitely
many states even at level 1. To obtain the representation with a finite number of states
at level 1, we have to impose some conditions on 9y(u). We can obtain this condition by

computing the Shapovalov form,

(01 f5e:l0) = O[[f;, e]|0) = — (D[2bg,i+410) - (4.38)

If the rank of this Shapovalov form is finite, the number of the independent states becomes
finite. In particular, we are interested in the rank 1 case because there is one configuration

at level 1 in the plane partition. This condition leads to

Yo = ¢’ o (4.39)

for some ¢q € Kﬂ It can be rewritten into

:U—Q‘Hﬁo@%

Yo (u) —

(4.40)

Because of the spectral shift , we can fix ¢ to an arbitrary value without loss of
generality. In the following, we set ¢ = 0.

Next, let us consider the action of e(u) and f(u). Because e(u) (resp. f(u)) increases
(resp. decreases) the level by one, it plays a role of adding to (resp. removing from) the

plane partition a box. Let us put the following ansatz:

ej[A)= > W E(A—=A+D)[A+D), (4.41)
JeAt

filA)y =) kL F(A—A-O)|A-DO), (4.42)
OeA-

which can be checked at the lower level’”] Here, we assign the value

he = hix + hay + hsz (4.43)

24We note that 1) is center and takes the same value in the representation space.
25For more detail, see Appendix
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to each box at (z,y, z) and we denote by A* the places where we can add or remove a box.
By considering the action of (4.7)) on |A), we have

‘%—%” = p(u—he), (4.44)
where we set
oy — Lt )t Pt h) e

(u — hl)(u — hg)(u — hg) .

Then we have Ly
u o
Ya(u) = % [T o(u—ny). (4.46)
Cea
The remaining task is to determine E(A — A +0) and F(A — A —O). From (4.9), we see

b (u)
=1+o03 ), E(A—O— A)F(A — A —D) oy 3 EA—=A+OFA+O0—A)

S U — hD G U — hD

(4.47)

We note that this expression makes sense because 1, (u) has a pole of order one only at
u = h- (O € A¥) as was checked in [I1]. Because e(u) and f(u) are conjugate to each other,
it is natural to set

E(A—=>A+D)=FA+O0—A). (4.48)

Combining it with (4.47)), we have

EA—>A+D) = \/—Uiresu%hmw/\(u). (4.49)
3

Summarizing the above, the action of the currents on the state |A) is given by

(u) [A) = ¥a(w)[A), (4.50)
1 1
e(u) |A) = ——reSypta(u) [A+0), (4.51)
D%\; u— hD\/ o3 "0
flu)|A) = Z " —1h \/—Uiresuﬁhmw/\_g(u) A —0O), (4.52)
CJeA- O 3

where ” resu_mD” means the residue at u = h[l' This is the final result for the plane partition
representation of the affine Yangian. Strictly speaking, we have to check that this formula
is compatible with the other defining relations such as , but we omit it for simplicity.
For a more complete derivation of the plane partition representation, see Appendix [A]

In the plane partition representation, we can introduce an asymptotic Young diagram

to each axis as in the following figure:

47



Figure 13: The asymptotic Young diagrams A, y, v extend to infinity. They are expressed
as A = (2,2,2,1), p = (4,3) and v = (3,1) if we choose the direction of the row and the

column appropriately.

The asymptotic Young diagrams provide the module other than the vacuum module. In
other words, it plays a role of the primary fields. According to , the eigenvalue of
¥ (u) should be obtained by multiplying the vacuum eigenvalue 1y(u) by the contribution
o(u — h[l) from each box. Naively, it seems to diverge because there are infinitely many
boxes. However, it actually converges because a lot of cancellations occur. As an example,
let us consider the asymptotic Young diagram p = O inserted along the second axis. The

eigenvalue ¢,——(u) of ¢(u) can be computed as follows:

o(u — ihsy)

:]8

U=y (u) = Yo (u )

<.
Il
o

(U =+ hl — Zhg) ( hg) U+ h3 — Z]’LQ)

) — 1ha) (

= W(U) (u—hy —iho) (u — (i + 1)ha) (u — hs — ihy)
—(
— (

(4.53)
— (a0 (u—hy = (i+1)hs) (u Dhy) (u — hs — (i + 1)hs)
- (U—hl—lhg)( i+ 1)h )(U—hg—lhg)
_ (u + Yoos)(u + he)
(u—h1)(u—hs)

17—

—8 L8

<.
[e=]

where we use (4.2)) in the third line. We note that a lot of cancellations occur in the third

line, which leads to the last line. Then we have

¢#:D()_1+03(@i“ ! +1“2+-~-). (4.54)

hou? u3

Comparing it with (4.29),we can read off the conformal dimension h and the U(1) charge j'
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as

1+ 1
_ Tt = (4.55)

h ——.
2 ) j h,2

In a similar way, we can obtain the conformal dimension and U(1) charge for generic asymp-
totic Young diagrams and the formula is given in [27]. For example, when we insert the
asymptotic Young diagram p = (1, pi2, i3, - - - ) in the second axiﬂ the U(1) charge j'(M})

and the conformal dimension h(M7) are given as

y 1
J(M2) = s >
J

A2 A2 . A2
A = =5 D 1= D21 =D+ 5 > iy (4.56)
J J J
. A2 2 A2 T\2 A2
T 2=t 5 ]< )J+2§:“J

where p7 is a transposition of x. The formula for the asymptotic Young diagram inserted
in another axis is obtained just by replacing hg, Ao with h;, A; (¢ = 1,3). When we insert
asymptotic Young diagrams in more than one axis, we have to be careful not to count some
boxes twice. In the case that we insert the asymptotic Young diagrams A and p in the first
axis and the second axis, respectively, the conformal dimension h and U(1) charge j' are

given as follows:

J'=J' (M) + 5 (M),

(4.57)
h = h(My) + (M) — #(A 0 p),

where #(\ N u) denotes the number of the overlapping boxes. For example, there are three

overlapping boxes at (x1,zo,x3) = (1,1,1),(1,2,1), (1, 1,2) in the following plane partition:

4.5 Constrained plane partition and the Y-algebra

In the previous section, we have discussed the plane partition representation for generic

parameters. In this section, we discuss the special cases where null states appear. In

26Tn this notation, each row j; of the Young diagram extends to the direction of the third axis.
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such cases, some configuration of the plane partition is prohibited if it contains a box
at a particular position. As we mentioned in Section we refer to such a position
as a "pit”, following [25]. We have already seen that the Hilbert space of the Y-algebra
is described by a plane partition with a pit and they are expected to be truncations of
Wi, algebra. Therefore, it is expected that the plane partition representation of the
affine Yangian describes the Hilbert space of the Y-algebra when the parameters satisfy a
particular condition.

As we mentioned, 14 (u) has a non-vanishing residue at u = h for generic parameters
iff 1 € A*. However, when the condition

Yoo3 = —(Lhy + Mhy + Nhj) (L,M,N >0) (4.58)

is satisfied, the pole of 15 (u) at u = Lhy+ M ho+ Nhg is canceled out (seel4.46]). Then (4.51)
and (4.52)) imply that we cannot place a box at (z,y,2) = (L + 1, M + 1, N + 1) because
the corresponding coefficients become zero. As a result, the Hilbert space is described by

the plane partition with a pit at (L + 1, M + 1, N + 1). For later convenience, we rewrite

the condition (4.58) by using (4.21)) into a simpler form,

L+M+N—1 (4.59)
VD YD Y ‘

Summarizing the above, the affine Yangian truncates to Yz, ys y[¥] when the condition (4.59))
is satisfied?®’]

In the remaining part, we explain the relation between the affine Yangian and the Y-
algebra in more detail. Let us identify the relation between the parameter of the affine

Yangian and that of the Y-algebra. By comparing the central charges, we find
he M

g2 4.
> N (4.60)
Combining (4.22), (4.59)) and (4.60), we have

A =L—UM—(1-D)N,
L—UM—(1—W¥)N

Ay = — 7 ; (4.61)
L L-wM-(-wN
° U1 '

Next, let us consider the module of the Y-algebra which we discussed in Section [3.1.3]in
terms of the affine Yangian. We have seen that the line operators in the three-dimensional
edges give the modules of the Y-algebra. As shown in Figure [14] we can introduce three
line operators and they are labeled by the weight of the gauge group U(L|M), U(M|N),
U(N|L), respectively:

2TWe note that one of L, M, N can be set to zero by using (4.2). In this thesis, we focus on the case that

one of L, M, N is equal to zero.

20



U(NI|L)

U(M|N)

U(L|M)

14

Figure 14: There are three edges where we can insert line operators. A, u,v denote the
weight of U(L, M),U(M|N),U(N|L), respectively.

On the other hand, the affine Yangian has the module labeled by three asymptotic Young di-
agrams. Then it is natural to identify each line operator with the asymptotic Young diagram
inserted in each axis of the plane partition. One can see the validity of this identification
by considering the possible shape of the asymptotic Young diagram. As an example, let us
consider Yy y. In this case, there is a pit at (1,1, N + 1) and we can insert two asymp-
totic Young diagrams with height at most N. Such Young diagrams indeed correspond to
the weight of U(IV) representation. For generic Y7, ps n, we can insert hook-shaped Young

diagrams, which describe the weight of super Lie algebra (see Figure .

3
3
v
(L+1,M+1,N+1)y " ><(MJrl,NJrl)
2
A 2
1

Figure 15: Left: The asymptotic Young diagrams A, u,v. Right: The asymptotic Young
diagram A\ is restricted due to the pit. It is known that such Young diagram corresponds to
the weight of U(M|N).

o1



5 Doubly constrained plane partition and Wy minimal

models

In this section, we study the Wy minimal model in terms of the plane partition. In the
previous section, we discussed the case that only one truncation condition is satisfied.
In Section [5.1] we consider the case that two truncation conditions are satisfied at the same
time. In such cases, a further constraint is imposed on the plane partition. That describes
the null state condition and plays an important role in the subsequent discussion. In Section
b.2] we study the Wy minimal model by using the result obtained in Section [5.1} The Wy
minimal models have been studied in terms of N-tuple Young diagrams. We show the
compatibility with our result. We will see that the plane partition provides much simpler

description for the Wy minimal model’s Hilbert space.

5.1 Doubly constrained plane partition

As we have seen, the affine Yangian of gl; provides a uniform description of a certain
class of W-algebras. Especially, it includes all Wy algebras. Their representation theory
is also described uniformly by a constrained plane partition. So far, we have discussed the
cases for generic parameters. In this section, we consider the cases such that additional
null states appear. In terms of a plane partition, the additional null states imply that some
configuration is prohibited. Then we need to understand what happens when two truncation
conditions are satisfied at the same time as follows:

L, M, N Ly My, Ny

)\—14—)\—24-)\—3:1, >\—1+>\—2+>\—3:1, (5.1)
where (Ly — Ly, My — M, Ny — Ny) is not proportional to (1,1,1) @ In the following, we
focus on the case that one of the above conditions corresponds to the truncation to Wy
algebra. Let us set (Lg, M, No) = (0,0, N). For the other condition, we can set N3 = 0
without loss of generality. Let us explain this point in more detail. As we mentioned, we
can set one of Ly, My, N1 to zero by using . When N; is the smallest, we can set
N; = 0. The nontrivial case is when L; or M; is smaller than N;. Let us consider the
case that L; is the smallest. In this case, we can redefine (Lq, M7, N7) = (0,m,n). When
n > N, the pit at (1,m + 1,n + 1) does not play any role because the pit at (1,1, N 4 1)
already restricts the height of the plane partition to N (see the left of Figure[16). We are not
interested in such a case. Let us consider n < N. In this case, there is a pit on the (z1,x2)
plane. To see that, we recall that the truncation condition is satisfied by (=N, —N,0)
and (—n,m — n,0). That is also true for every integral point on the line connecting them.
Thanks to n < N, such a point exists on the first quadrant of the (z1,x) plane. Thus, we
can set (Ly, My, N1) = (L, M,0) without loss of generality.

281f this condition is not satisfied, one of the two truncation conditions becomes trivial due to 1’
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X 1,m+1,n+1)

1L,1,N+1
(1717N+1) (77 +)

X 1,m+1,n+1)

2 2
/ X (I+1,m +1,1)

1 1

Figure 16: Left: The case for n > N. One can see that the pit at (1,m+ 1,7+ 1) does not
play any role. Right: The case that there are three pits.

In the following, we do not consider the case that there are more than two pits, as shown
in the right of Figure [16, This assumption is necessary in the discussion below and we will
see in Section that all the Wy minimal models satisfy it. For the assumption to be
satisfied, there should not be a pit in the (x5, z3) plane and (x1,x3) plane. To understand
the condition for that, we recall that the truncation condition is satisfied by (—N,—N,0)
and (L, M,0). The same is also true for the integral points on the line segment between
them. One can see that the condition is satisfied when there is no pit on the line segment. To
understand that, let us consider the case that there is an integral point on the line segment.
If it is in the first quadrant of the (x1,z3) plane, that means we have to replace the value
of L, M with the new ones. If it is not in the first quadrant of the (z1,xs) plane, we have
a new pit in either of the (xo, x3) plane or (1, x3) plane because we can shift the point in
the direction of (1,1,1). From the above, L + N and M + N must be coprime, namely,

ged(L+ N, M+ N) =1, (5.2)

where gcd means the greatest common divisor.

In the following, we consider what kind of constraint is imposed on the plane partition.
For simplicity, we denote by [1] (resp. [2]) the box at (L +1, M +1,1) (resp. (1,1, N +1)).
Because of , one can see that the values of for these two boxes are the same. We
note that the truncation condition was originally given in . We set h = h = h
Before the analysis, let us recall why a single truncation condition produces a pit. When we
have only one truncation condition /\—Pl + /\% + )\—i = 1, we have 903 = —(Phy + Qhs + Rh3).
Then 1 (u) cannot have a pole at u = Phy + Qhy + Rhs because the factor u + 103 in
cancels out the pole. According to , that implies we cannot place a box at
(P+1,Q+1,R+1).

However, the situation is different when two truncation conditions are satisfied. When

both [1]and | 2| belong to AT, ¥ (u) has a pole at u = h because both boxes contribute to

29We note that the symbol ”h” does not mean a conformal dimension in this section.
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the pole;

1
alu) o — 2o 1 (5.3)
(u—h)(u—h) u—nh
Then we can add the boxes[1],[2]to the plane partition A. However, the two states, |A +[1])
and |A +[2]), are no longer independent. To see that, let us consider the action of e(u) in

more detail. From (4.51)), we see that |A +[1]) and |A +[2]) are generated as follows:

e(u)|A>o<ﬁ(|A+>—|—|A+>)—|—---. (5.4)

It implies that any modes e; of e(u) generate only |A +[1]) + |A +[2]) and cannot create
the state |A +[1]) — |A +[2]). Then this state becomes null and we should identify |A + [1])
with |A +[2]). The same is also true for their descendant states. These observation suggests
that we should identify the box at (x + L,y + M, z) with the box at (x,y, 2z + N)ﬂ

Due to the identification, there are two perspectives for the representation space; we can
describe it by either a plane partition with a pit at (L + 1, M + 1,1) or a plane partition
with a pit at (1,1, N + 1). One may think that the additional pit does not cause any
effects, but the representation space is actually further constrained. That is because some
configurations may not make sense as a plane partition in one of the two descriptions. Such
states correspond to null states.

We demonstrate what we have explained above by using an example. We consider the
case for (Ly, My, Ny) = (1,2,0) and (Ls, Mo, No) = (0,0,1). In this case, two boxes are
identified if their coordinates are equal modulo (1,2, —1). The following figure shows how

the two plane partitions are identified:

3 3

N
/// / 2 ~ \ \ %2
L

ja/i

1 1

Figure 17: The left figure describes the plane partition with a pit at (1, 1,2) while the right
figure describes the plane partition with a pit at (2,3,1). This figure shows how they are
identified.

30We note that the identification rule was also suggested in [I1] when one of L and M is zero.
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The left figure describes the plane partition with a pit at (1,1,2), which is just a Young
diagram. According to the identification rule, we can also interpret this state in terms of the
plane partition with a pit at (2,3,1). In order to switch to the latter description, we need
to move the boxes along the direction of (—1,—2,1). For that, we split the Young diagram
into the hook-shaped regions with the corners located at (k+ 1,2k +1,1) (k=0,1,2,--).
Then we shift the k-th region by (—k, —2k, k). In other words, we pile the (k + 1)-th piece
on the k-th piece. After this procedure, we obtain the plane partition with a pit at (2,3, 1),
as shown in the right figure. Because both figures make sense as a plane partition, this state
is not null. One may see that any Young diagrams are transformed into consistent plane
partitions with a pit at (2,3,1). That implies that no restrictions are imposed on the Young
diagram. This is not surprising because the left figure corresponds to Y1 = U (1) and null
states cannot arise in the free field. On the other hand, the second plane partition is indeed

restricted. As an example, let us consider the following configuration:

3 3

|

Figure 18: The left figure describes the plane partition with a pit at (2,3, 1) while the right
figure shows the plane partition with a pit at (1, 1,2). While the left figure makes sense as

a plane partition, the right figure does not. Therefore, this state is null.

While there is no problem with the left figure, it is clear that the right figure does not make
sense. That means this state is null.

In the next section, we consider general N. We will see that both plane partitions are
restricted in such cases and that describes the Hilbert space for the minimal model of Wy

algebras correctly.

5.2 Wy minimal models from plane partitions

In this section, we discuss Wy minimal models in terms of doubly constrained plane parti-
tions. The product of the Wy algebra and an extra U(1) boson are realized by the affine

Yangian of gl; when A3 = N. The remaining parameters are A\; and Ao, but they are subject
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to the relation (4.22)). Then we can parametrize them as \; = N(87'—1) and Ay = N(8—1).
We see from (4.33) that the central charge is given as follows:

c=(N-1D1-@QN(N+1)+1, Q=+/B-1//B. (5.5)

We note that the second term comes from the extra U(1) boson. The minimal models
are realized when § = p/q, where p,q > N are coprime integers. For this parameter, the
additional truncation condition is satisfied as follows:
- N —-N 0
p—N_ ¢-N_ 0 _
A1 A2 A3

1. (5.6)

This is precisely the situation that we considered in the previous subsection. We note that
the condition for p, ¢ matches the assumption . As we explained in the previous section,
the two positions (z,y,z 4+ N) and (x +p — N,y + ¢ — N, z) are identified and the plane
partition must satisfy the identification rule as in Figure [[7] The aim of this section is to
confirm that the doubly constrained plane partition indeed provides the correct Hilbert space
for the Wy minimal model. For that, it is convenient to decompose the plane partition into
N-tuple Young diagrams because they are the standard basis of Wy algebra (and an extra
U(1) boson)ﬂ. This decomposition is illustrated in Figure . One can see that the plane
partition with a pit at (1,1, N + 1) consists of N-tuple Young diagrams Y Y@ ... 'y &)
satisfying Y D Y® 5 ... 5 YV,

3
y @)
Yy (@)
|
y (1) //

1

Figure 19: There is a Young diagram in each layer of the plane partition.

According to the identification rule, the plane partition is split into the hook-shaped regions
and they are piled up one after another as in Figure In this process, only the shape
of YU and YV is relevant to whether the new plane partition is in a consistent shape.
Summarizing, there are constraints not only between the neighboring Young diagrams but
also between the first one and the last one.

Let us express the constraint more explicitly. In the following, we also consider the

asymptotic Young diagrams. In the present case, we can insert them in the first axis and

31Recall that Wy algebra is constructed from N — 1 free bosons as we discussed in Section m
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the second axis. We denote by p = (u1, p2, -+, pun) (vesp. v = (v, -+ ,vy)) the first

one (resp. the second one).

(1,1, N +1)

X
(p—N+1,g—N+1,1)

P

One can see that the Young diagram (n,n,---,n) does not play an essential role because
it just shifts the origin of the plane partition. One may interpret it as the module for an
extra U(1) boson. Therefore, we can set uy = vy = 0 without loss of generality. We also

note that we have to impose
m<qg—N, r<p-—N (5.7)

because of the second pit at (p — N +1,¢g— N+ 1,1).
Now we can compare these asymptotic Young diagrams with the primary fields in the
Wy minimal models. Let us define the parameters,
mi = [ — fliv1, T =V — Viy1,

(5.8)

fori =1,2,---, N—1. The constraints p; < g— N,y < p— N are rewritten as ZZJ\SI m; < q
and 211\51 n; < p. Such sets of positive integers are exactly the same as that of Wy
minimal models. Indeed, one can compute the conformal dimension for the asymptotic

Young diagrams by using the affine Yangian’s formula (4.56)) and see that it reproduces the

correct conformal dimension

A(m, i) = 12(25\511(?77% — C]ni)@')z - N(N2 —1)(p— 9)2
24pq

which is given in (2.108)). The detail for the computation can be found in Appendix .

Next, let us consider the constraint imposed on the Hilbert space. Due to the asymptotic
N)

, (5.9)

Young diagrams pu, v, the location of the N-tuple Young diagrams ym y@ ..oyl
shifted as follows:

are
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[
1 — J i
(N) I ﬁN*Z ........
Y y (i+1) 4‘
N-1 Tt
vy v
w— oy H() ,,,,,,,,,,,,,
fir Y,
y ()
“ vy () :
N—-1 .
— y® :
MN-2 -
m;
—>
my

Figure 20: This figure is viewed from the top. The N-tuple Young diagrams must be in
the shape such that they form a plane partition and satisfy the identification rule. This

requirement correctly reproduces the Hilbert space of the Wy minimal model.

As we mentioned, we cannot determine the shape of the N-tuple Young diagrams inde-
pendently because they must make sense as a plane partition. They must also satisfy the
identification rule. These conditions can be written as follows:

Yk(i) . Yk(_z;zl)_1 > —(m; — 1) (i=1,2,---,N, k>1), (5.10)

where Yk(i) denotes the length of k-th row of Y. Here, we identify Y (V) = Y1) and set
my =q — Zf\:ll m; and ny = p — Zfi}l n;. We note that the condition for ¢ = N comes
from the identification rule. See the right of Figure 20, The above condition agrees with the
N-Burge condition [59, 29, [30, 3T, 32], which is known to give the Hilbert space of the Wy
minimal mode’?l Thus, the doubly constrained plane partition provides the correct Hilbert
space of Wy minimal models.

Finally, we mention the level-rank duality, which is an equivalence between two different
minimal models. So far, we have discussed the Hilbert space in terms of the plane partition
with a pit at (1,1, N+1), but it is also possible to interpret it in terms of the plane partition
with a pit at (p—N+1,¢— N+1,1). In this perspective, the W-algebra realized in this space
is Y,-ng-no0[¥]. Thus we have two different descriptions for the same Hilbert space. In the
case of p = N or ¢ = N, the other W-algebra is also W), algebra (M = ¢g— N or M = p—N).

321t was proved in [29] that N-Burge condition matches with the character of the Wy minimal model
found in [60]. The N-Burge condition is derived not only from the representation theory but also from the
study of conformal blocks in the context of AGT [30].
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The equivalence between two Wy minimal model is called level-rank duality [61], [62] and
has been studied in terms of N-tuple Young diagrams in [32]. When p # N and ¢ # N,
Y,_nNg—no[V] is not a familiar W-algebra and the corresponding level-rank duality has not
been discussed without a few exceptions; in the case of p= N+1,g= N+ M (M > 2), the
corresponding W-algebra was studied in [63] and the level-rank duality was also mentioned.

We emphasize that the level-rank duality is manifestly realized in our construction.

29



6 AN =2 unitary minimal models from connected plane

partitions

In the previous section, we studied the W minimal models by using the plane partition rep-
resentation of the affine Yangian. In terms of Gaiotto-Rapcak’s construction, a single plane
partition corresponds to the W-algebra associated with a single trivalent vertex. Meanwhile,
Gaiotto-Rapcak’s construction can be generalized to various (p, ¢)-webs. Because an affine
Yangian lives at each corner, the total Hilbert space is described by several plane parti-
tions. We also need to take into account the modules associated with the line operators
connecting the two corners. As we discussed in Section .5, we can interpret them as the
asymptotic Young diagrams. Therefore, the Hilbert space consists of the plane partitions
which share the common asymptotic Young diagrams. As we mentioned, we refer to them
as intermediate Young diagrams.

One of the simplest but nontrivial example for the generalized Y-algebra is N' = 2 super
Virasoro algebra (with an extra U(1) boson). As we explained in Section [.2] it is realized
from the following diagram:

Figure 21: The diagram which realizes N’ = 2 super Virasoro algebra and U(1) boson.

In this section, we study the N/ = 2 unitary minimal models using plane partitions. We
first clarify how the Hilbert space of N/ = 2 super Virasoro algebra for a generic central
charge is described by plane partitions. In Section we discuss the prescription for
negative intermediate Young diagrams. In Section we provide several necessary data
such as conformal dimension and U(1) charge, which are used in the subsequent sections.
In Section [6.3] we discuss the spectral flow, the automorphism of N' = 2 super Virasoro
algebra. It is obtained from the spectral shift of the affine Yangian. Because the spectral
flow relates the R sector to the NS sector, it allows us to focus on the NS sector. Section
is the main part of this section. We study A/ = 2 unitary minimal models in terms of

plane partitions. We find that the correct primary fields and characters are reproduced.
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6.1 Interpretation of negative weights in terms of a plane parti-
tion

Before starting the analysis, we have to resolve a subtle problem. As we mentioned in
the last part of Section [3.2] we need to consider the line operators with negative weights.
However, it is not obvious how we should interpret the negative weight in terms of a plane
partition. In the following, we focus on the situation that there is a pit at (L +1, M +1,1)
and the asymptotic Young diagram g = (pq, 2, -+, par) (vesp. v = (v1,v9,+-+ ,vp)) i8
inserted in the first (resp. second) axis (see Figure 22)):

3

Figure 22: This figure shows the plane partition with a pit at (3,5.1). The asymptotic
Young diagrams are inserted in the first and the second axis. In our notation, the first one

is expressed as pu = (6,4, 3,1) while the other one is expressed as v = (5, 2).

Let us consider the case of p = (1,1,---,1) and v = (1,1,---,1). Obviously, they
just shift the origin of the plane partition by 1 in the third axis direction. It affects the
representation theory through the factor h- defined in (4.43). Compared with the case
without the asymptotic Young diagrams, the value of h is shifted by h;. We can take this
effect into account by changing the spectral parameter u to u— hg. Similarly, the asymptotic
Young diagrams, (1 +n, e +mn,- -+, puyr+n) and (vy+n,v9+n, -+, v, +n), can be reduced
to (u1, p2, -+, par) and (vq, v, -+ - ,vp) by changing u to u — nhs.

By applying this argument, we can deal with the negative weight. Let us consider
the case for ppyr < 0 and pp < vp. We can replace p and v with fi = (uy — par, po —

WALy s far—1 — far, 0) and o = (vy — pag, Vo — gy - -+, v — fiar) by changing u to u — g hs.
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Due to this shift, the mode of the current ¢ (u) changes as follows:

2 A2
o + hy)os (Vo + 20y parhy — B2 ) 0
Y(u) = Y(u— parhs) = 1+ 1”(; 2, W ‘Z’Z‘;M 3% . a—

4 (6.0)

Combining it with (4.29)), we see that the U(1) charge 5 and the conformal dimension % are

modified as follows:

7' = '+ Yoparhs,

2N (6.2)
h— h+ § uaghy — PMAA2
2)3
Then the formula (4.57)) for negative asymptotic Young diagrams is given as follows:
j' = ]'/(Mé) + 7' (M2) + Yoparhs
= J'(M,) + 5/ (My),
. ‘ 2 o (6.3)
b= h(M}) 4+ h(M2) + (7' (M) + ' (M) uarhy — P2 — (i )
3
= h(M,) + h(M;) — #(i N v) — LM par.
One can see that the formula for h becomes a bit complicated.
6.2 N =2 super Virasoro algebra from plane partitions
Let us interpret the Hilbert space of N/ = 2 super Virasoro algebra in terms of plane

partitions. We note that a similar discussion was made in [27], but we need to rewrite all of
the results in terms of the affine Yangian for later analysis. Especially, we need to deal with
the negative weight carefully, based on the prescription discussed in the previous section.
As we have seen in Section , there are two Y-algebras, Yy12(¥] and Yoo1[1 — 3],
Figure . By using , we can identify them with the affine Yangians, whose parameters

are given as follows;

in

A\D _ AL 6.4
1 n+27 2 n+17 3 n, ( )
1 1
/\(2) _ >\(2) _ )\(2) -1 .
1 n+27 2 n+17 3 ’ (65)

where n = W —2. Here, we put the subscripts (1) and (2) to distinguish two affine Yangians.
In the following, we use a similar notation. We note that we have changed Ai, As, A3 to
A3, A1, Ay in (6.4) just because that is convenient to draw figures. We can read off the
central charge ¢ from (4.33)) as

3n

¢ =cCsvir T1 Csvir =
1r Y 1r n + 2 Y

(6.6)
where the second term in ¢ comes from an extra U(1) boson.
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The line operators connecting the two corners are labeled by the U(1) weight p € Z.
In terms of the plane partitions, we can interpret them as the asymptotic Young diagrams
inserted in the second axis. For the negative weight 1 < 0, we use the prescription discussed

in the previous section. Then we can describe the total Hilbert space as follows:

AR

Y0 00000777777777777070777777

SV 000777777777777777777

A

S 000077777777777777777

A

S 0000777777777777777777

TV 000007770777777777777

SN0 00000777777777777777.

TV 0777777777777.

S0 000007070777777777777777. 1 1 2
SN0 77777777777, , 1y
Y00 0007077777777777777777.

SV 000077777777777777777

A

SV 0000077777777777777777

A

S 000007777777777777777777

TV 00007770777077777777

SN0 077707077707707 2 2
7

77 7777770707070000077

11700077

X
(2,3,1)

Figure 23: This figure shows the p > 0 sector where the asymptotic Young diagram is
simply given by (u).

7II 77777

7
7
i
7

1520000
055555255,
desisisiss 2

AT "

Figure 24: This figure shows the u < 0 sector. We shift the origin according to the prescrip-
tion which we discussed in Section [6.1] The dashed axis means the axis before the shift. In
the left plane partition, the Young diagram (||, |u|) is inserted in the first axis instead of
the second axis. In the right plane partition, we do not insert an asymptotic Young diagram.
Actually, the asymptotic Young diagram in Y; o can be always interpreted as the shift of

the origin.

We can compute the conformal dimension h of these asymptotic Young diagrams by
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using (4.56)). For p > 0, we have

)\(1) )\(1) )\(1) )\(2) )\(2) )\(2)
hZ—ZMQ—QMLM-i——QM—zMQ-i—LM
( 2)\:())1) 2)\§1) 2 ) ( 2/\:(32) 2)\§2) 2 ) (67)
_ mpt2)
2
For 11 < 0, we need to use (6.3) and we have
p(p 42 plp =2
h:%_Qﬂz% (6.8)
We can summarize these results as
2
h = % (6.9)

For the U(1) charge, we need to note that there are two U(1) currents. One of their
linear combinations should correspond to the decoupled U(1) factor while the other one
corresponds to the U(1) current in N' = 2 super Virasoro algebra. We denote by j(z) (resp.
J(2)) the former (resp. latter) current. We also set their zero modes to j and J, respectively.
Because j(z) should give no charge to the asymptotic Young diagram p, its zero mode j
can be determined as

j=ohs) — i, (6.10)

We can determine the other zero mode J from the requirement that J(z) commutes with
j(z). We fix the normalization so that the charge of the asymptotic Young diagram p will
become p. Then we have

J_( S )
o 1), (1 2), (2
AV

(1) (2)
Sy N S S Y Qs (6.11)
"+ 2 )\51))\&1) A§2))\§2)
iy + ngPhd

Y

n+1
where we use (4.21)), (6.4) and (6.5)). One can check that this normalization agrees with the
standard normalization of AV = 2 super Virasoro algebra in (2.66]). Namely, it is compatible
with both of the following two relations:

CsVir

3 1014m,0, [T, GE] = £GF

m—+r"

[, Jm] = (6.12)

Finally, we note that the state with the conformal dimension and the U(1) charge

i is uniquely determined to be
I GJ—ri—l/2 0)  (for p>0)
1L G:i71/2 0)  (for p < 0),

where |0) denotes the vacuum state.

(6.13)

64



6.3 Spectral flow of N' = 2 super Virasoro algebra

It is known that A/ = 2 super Virasoro algebra has an automorphism called spectral flow.

It is given as follows [64]:

CsVir

Ln — Ln - an + 6 7]2571,0,

Ty = Ty — %n&mo, (6.14)
+ +

G, = Gz

where 7 is an arbitrary parameter. One can see that the mode of the supercurrents changes
under the automorphism. In particular, the integer mode and half-integer mode are ex-
changed if we set n = % The former one is known as the NS-sector while the latter one is
known as the R-sector. Because of this correspondence, it is enough to consider the NS-
sector as we have done. In this section, we check that we can reproduce the spectral flow of
N = 2 super Virasoro algebra from the automorphism of the affine Yangian.

Because we have two affine Yangians, we have two parameters «, 3 for the automorphisms

as follows:
3057 > 507 + o + oy ws” o gu” BT B
o =+ o U = o+ By
By requiring the invariance of the decoupled U(1) boson (/6.10)), we have
o hy) = Bughs?. (6.16)
The other U(1) current (6.11]) changes as follows:
CsVir Q ﬁ
J—=J - ( + )
1 2
3 \ny Y
G ( oy by pughy ) (6.17)
3 g2 g ()
=J- aw(()l)hgl)a
where we use
(4) 4 (&) n(nt+1) -
O (p{0)2 = MAs wiz (0=1) (6.18)
02 NG n+l : '
2 n_—&-2 ('L = 2)
Comparing it with (6.14]), we see that we should set
aypVRpsY = Vi, (6.19)

3
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The element h = (@Z)él) + 1/152)) which corresponds to Ly transforms as follows:

s

1
2

2
b= bt (el + B) + <2w + 5007

CsVir ¢1 ¢1 CsVir 2 1 1

—h+ 77( + ) + Vi, ( (6.20)
s o ) o T ey oy

CsVir 2

6

which is consistent with (6.14)). In a similar way, one can easily check that the transformation
of the other modes is also consistent with (6.14]).

=h—nJ+—

6.4 N =2 unitary minimal models

In this section, we study the N/ = 2 unitary minimal models. As can be seen from ([2.112)

and , they are realized when we set the parameter n to a positive integer. As we

explained in (2.114)), there are primary fields with the following conformal dimension and

U(1) charge:

I(1+2) —m? m

him =——"———, Jim=——7, 6.21
b 4(n + 2) b n-+2 (6:21)

where the integers [, m are in the range of

0<I<n, =l<m<lIl [—m=0 (mod2). (6.22)
For convenience, we write down the character (2.115) again:
z
Xt,m T ’Z Z Cl m+2r @2m+2r(n+2) 2”(”"‘2)( n -+ 2) (623)
rE€ZL2n

We also note c( ) (7)) = (T)

The aim of thls section is to reproduce these results by using plane partitions. We have
already studied the Hilbert space for generic parameters in the previous sections. We have
seen that it consists of two plane partitions, one of which has a pit at (2,3,1) while the
other has a pit at (1,1,2). In the following, we refer to them as the first plane partition and
the second plane partition, respectively. We also use terminologies such as the first affine
Yangian and the second affine Yangian. In the case of n € Z>,, the first affine Yangian

satisfies an additional truncation condition,

which is clear from . Then the further constraint is imposed on the first plane partition.
Concretely, it must satisfy the identification rule which we discussed in section [5.1} For the
second plane partition, there is no additional condition as we mentioned in the last part of
Section .11

In the following, we study the Hilbert space in detail. We first discuss the case of n = 1,

and then move to the case for the other n.
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6.4.1 n =1 case

Let us start from the simplest case n = 1, which corresponds to ¢ = 1. In this case, there

are three states as follows:

S
I
wl=
S~—

3. l=-m=1 (h=

<
Il
|
Wl
N—

The first state corresponds to the vacuum state. The other two states correspond to de-
generate primary fields. In terms of plane partitions, they should be realized from the
asymptotic Young diagrams. For the first plane partition, we can insert them only in the
first axis. We note that we cannot insert them in the other two axes due to the pits. For
the second plane partition, we do not need to consider asymptotic Young diagrams because
we are not interested in U (1) modules. In the following, we consider the three cases one by
one.

l =m =20 This case corresponds to the vacuum state, which should be realized
when we insert no asymptotic Young diagram. Because there are pits both at (2,3,1) and
at (1,1,2), we have two descriptions for the first plane partition. We note that this is
precisely the situation we considered in Figure[I7} Because any Young diagrams satisfy the
identification rule, it is better to see the Hilbert space in terms of the plane partition with
a pit at (1,1,2).

When the intermediate Young diagram p is positive, the first plane partition is identified
with the Young diagram as follows:

UIIIIIIII IS IS IS IS TS
Ry
ey
11T I I 1717177777 lt

SIISSISSISSISIISISSSSS

:
;

Figure 25: According to the identification rule, we can switch the two perspectives by
translating boxes in the direction of (1,2, —1). It is obvious that the right figure does not
make sense as a Young diagram. That means it is a null state.

67



This figure shows that the state is null because we cannot see the right figure as a Young
diagram. That leads to the claim that the states (

intermediate Young diagrams correspond to the primary states given in (§

) are null for 4 > 1 because the

. One can

check that this statement is indeed true by using the defining relation of N' = 2 super
Virasoro algebra. For the detail of the calculation, see Appendix [C]
To obtain the non-null states, we have to add at least 24+ 4 + .-+ + 2(u — 1) boxes as

follows:

A
Ay
YIIIIIIIII I I 7777777777707 7777777072777777077777
TIIII I I I I I I I I I 7171771717777

Ay
TP 77777777
177772777777 Ay
777777777777

7
z 7777777777 7777777777777777
7
7

z
Ry
ey
7

777
777
77777
777
ey

E/////////////////////

Figure 26: To obtain the non-null states, we need to fill in the red region with boxes. The

left figure shows the corresponding configuration in terms of the first plane partition.

In a similar way, we have the following identification for the p < 0 sector:

2

|

Figure 27: As in the case of ;1 > 0, the right figure does not make sense as a Young diagram.

To obtain non-null states, we need to add boxes.

We can obtain non-null states after we add 2 +4 + -+ + 2(Ju| — 1) boxes as follows:

68



M
<
N
N
N
N
N
N
N

107170 77777777

Figure 28: We need to fill the red region with boxes. The left figure shows the corresponding

configuration in terms of the first plane partition.

Due to the above process, the conformal dimension increases by the number of the added

boxes. After we add the boxes, the conformal dimension of the state changes from (6.9)) to

|l = 2

Once we add the boxes, the Hilbert space is described by the tensor product of the two

Young diagrams. Thus, we have the character as follows:

S aE 1
n(7) n(7)
(©o6(T, %) +O66(T,3)) 1
n(7) n(r)

X(T’ Z) =
(6.26)

Up to the factor ﬁ coming from the extra U(1) factor, it is exactly the vacuum character

of ¢ =1 N = 2 unitary minimal models [35].

l=1, m= -1 Next, let us consider the primary field for [ = 1, m = —1. To realize
a non-vacuum state, we need to introduce an asymptotic Young diagram in the first axis
of the first plane partition. Because of the pits, the possible shape is limited to O or 3.
Here, we consider the first one. Because of the asymptotic Young diagram, the configuration

changes as follows:
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Figure 29: The asymptotic Young diagram is inserted in the first axis.

As in the case of the vacuum state, we have to add boxes. The number of the necessary

boxes is

Z(?z’ — 1) =(u—1)? (6.27)

for > 0 and

[ul—1

> 2 |p = p? (6.28)
i=1

for p < 0.
Let us compute the U(1) charge and the conformal dimension. We can compute the

U(1) charge (6.11) from (4.56)), (4.57). For the asymptotic Young diagram in the first axis,

its contribution is evaluated as

YAl
= m = (6.29)
2hy7 2X5 3

where we use (6.4). Combining it with the contribution from the intermediate Young dia-

gram [, we have

1
J=pn—-. (6.30)

3
For the conformal dimension h, the computation is a bit more complicated. We first discuss
the case of u > 0. There are three factors contributing to the conformal dimension: the

intermediate Young diagram, the asymptotic Young diagram and the added boxes. The

first one gives ([6.7)). The second one can be evaluated from (4.56)) and (6.4)) as

A Al A (6.31)
AL ) 23 '

h(MY) =
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The third one gives ((6.27)). Because we count the box at the origin twice, we need to subtract

1 from the sum of these contributions. Then we have

h:ﬂii@ L (n—12%—1

+5 T
3 21231 (6.32)
=33 T

For the u < 0 case, there is no overlapping box and we just have to sum up the three factors.
By using , and , one can immediately check that the expression (6.32)) is
also true for p < 0.

We note that this is the conformal dimension for the total Virasoro algebra. Namely,
it contains not only N' = 2 super Virasoro algebra but also an extra U(1) current j(z).
We have to remove the latter contribution. The energy-momentum tensor is given by the

Sugawara construction and its zero-mode Lg M is determined from 1} as

o _ () iy
20 (12 + wf (hS7)2)
We note that the denominator is not standard due to the normalization of U(1) current
(4.30). We also note that we can ignore the terms other than the first term because they
vanish when they act on the highest weight state. In order to compare (6.32)) with the known
result , we have to eliminate the contribution from (|6.33)). Because the intermediate

Young diagram has no charge for j, we only have to consider the contribution from the

(6.33)

asymptotic Young diagram in the first axis, which is evaluated as

N ) R 0 R .
9 (D (B2 @) @232y NOLW @@ 6 '
(0(2)+¢0(2)) -9 1 23 1 13
)\gl) )\;2)

Let us redefine h as the conformal dimension after subtracting this factor. Then we have

h:%@—%f. (6.35)

From this, we see that the highest weight state (= the state with the smallest conformal
dimension) exists in the p = 0 sector. The conformal dimension and the U(1) charge is

1 1

h=-= J=——, 6.36
5 3 (6.36)
which agrees with the literature.

We can compute the character in the same way as the vacuum case as follows:

K= n(7) n(7) 1 (6.37)
_ (©_26(7,3) + Oup(7, %)) g
n(7) n(T)



Again, it agrees with the literature [35].

l=m=1 Finally, we consider the case with the asymptotic Young diagram CT1.
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(i) pu>0 (i) <O

By a similar calculation as in the previous case, we have

2 3 22 2

1) is evaluated as % We see that the highest weight state exists

The contribution from Lg
in the u = 1 sector. Its conformal dimension and the U(1) charge is

1 1
h==, J=-= 6.39
6’ 3’ ( )

which agrees with the literature. The character is

=
\l ’
8
L)
o
i
Wl
s
<
b
wln
Q
wIN

X(T7 Z) = — )
@ o 610

which agrees with the literature [35].

6.4.2 General n

We have seen that we can reproduce the ¢ = 1 AN = 2 unitary minimal model from plane
partitions. In this section, we discuss the case for the other integer n. In this case, the
first plane partition has a pit at (1,1,n + 1) as well as at (2,3,1). The asymptotic Young
diagram v = (v, 1) in the first axis is constrained as 0 < v5 < 1y < n. Let us first compute
the conformal dimension and the U(1) charge. When the intermediate Young diagram is
empty, we can immediately obtain them from as

b =211 + 11 + (2n + 3)1/27 J— it V2. (6.41)
2(n+2) n+2
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We note that we have already removed the contribution from the U(1) factor (6.33)). In the
following, we ignore the U(1) factor.

The highest weight state exists in the p = 1 sector if v, > 1 and in the g = 0 sector if
o = 0. This is because the intermediate Young diagram not only increases the conformal
dimension by but also decreases it by the number of the overlapping boxes. Then the

conformal dimension and the U(1) charge for the highest weight state are summarized as

follows:
h— 72V1l/2;(l/7;i2()2n+3)’/2 _ %’ J=1-— % (V2 > 1)7 (6 42)
_ vi = = |
h = 2(n+2)’ I =i e =0

It should match with (6.21)). Indeed, there is a one-to-one correspondence between ((6.21)
and (6.42) as follows:

V1:n+1—l+Tm, ey | (ry > 1),

m=Il=-m (e = 0). (643

Thus, the asymptotic Young diagrams correctly provide all the primary fields in the N’ = 2
unitary minimal model.

In the remaining part, we check that we can reproduce the correct character from plane
partitions. Asin the case of n = 1, we study the Hilbert space in terms of the plane partition
with a pit at (1,1,n + 1). When the intermediate Young diagram is given by u = kn +r
(k € Z,0 <r < n), the configuration is identified as follows:

k>0

Figure 30: This is the figure for the case of k > 0. It is viewed from the top. The numbers

written in the rectangles denote the heights to the direction of the third axis.
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k<0

2 2 2 ) 2
N k1) —
1
o< <r (i) o <r <y (iii) r <v2 <1y

Figure 31: For the case of k < 0, the configuration changes depending on the value of r.

As in the case of n = 1, we have to add boxes to obtain non-null states. Let us first consider
the case of £ > 1. In Figure [30] the number of the boxes we have to add to i-th row is as

follows:

2n(i—1) = (n+w) (2<i<k) (6.44)
(2k —2)r +6 (i=k+1),
where we set
0 (r < )
0 = r— v (v <7 <1y) (6.45)

(r—u)+ (r—1w) (r > 11).

We also need to remove the overlapping boxes at 1 = 1,25 = 1,2 so that we will not count
them twice. For convenience, we subtract the number of these boxes from (6.44)) in advance.

Then we can evaluate their contribution to the conformal dimension as

(the number of the added boxes) — (the number of overlapping boxes)

= (k—1)kn — k(1 + 1a) + (2k — 2)r + 6. (6.46)

We note that this expression is also true for £ = 0; we do not need to add boxes and
the number of the overlapping boxes is indeed given by 2r — 0. After adding the boxes,
the conformal dimension becomes the sum of , and . Then the conformal
dimension and the U(1) charge are given as

2+ + (204 3)1, N n(n+2) 2

_ 2 2N — T 4

h Tt D) Sk (4 27 = () )k 5 =70, (6.47)
V1 + s

J=k - 6.48

n+r —— ( )

for £ > 0. Actually, this expression is also true for £ < 0. Let us check it in the case
of 7 < vy (the third case in Figure 31). The number of the boxes we have to add is
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k(k + 1)n — k(v1 + vo — 2r) and there are no overlapping boxes. Combining it with
and , we have . One can check the other two cases in a similar way. For the
comparison with the literature, it is convenient to rewrite and in terms of the
parameters [, m. From , we have

/

h = ot <k + m+£(n142;?+2)> + R oy 0
(I #—m), (6.49)
| = thntr—1
(= nt2 2 (k+ m&lﬁéﬁ”) +hPE L, 40
(l=-—m), (6.50)
| J=as T kn+r

where hy), is the conformal dimension of the SU(2) parafermion given in (2.76).

Once we have filled the blank with boxes, the shape of the plane partition makes sense
and the corresponding state becomes non-null. We can obtain the descendant states by
adding boxes to this plane partition so that the identification rule will be satisfied. We have
already studied this Hilbert space in terms of Yy, = W, x U(1) in Section . On the other
hand, we can also see it as the Hilbert space of Y 5 o, namely the SU(2) parafermion (and an
extra U(1) boson). Both descriptions are equivalenﬁ, but the latter one is more convenient
for the comparison with because the character of the parafermion can be expressed
by the string function.

The remaining thing we have to do is to clarify the correspondence between the asymp-
totic Young diagram and the primary field for the parafermion system. Let us consider
the £k > 0 case. In this case, the asymptotic Young diagram in the first (resp. second)
axis is (v1,v2) (vesp. (r)). As we discussed in Section [6.1 one can shift 11,15, by the
same value. That can also be seen from the cyclic symmetry of N-tuple Young diagrams
in Figure 20} Namely, we can change their order cyclicly because of the identification rule.
By using this property, we can set r = 0. The asymptotic Young diagram (4, 12) changes
into (1y —ryvg—r)ifr<wy, (n+vg—rvy—r)ifrya <r<wvor(nt+uvy—rn+wvy—r)if
r > 1. This is exactly the same as k < 0 case, as we can see from Figure [31}

We can compute the conformal dimension from (4.56]) and we have

hlP71:1+2(r 1) (r <)
h=4q bt m+2(r—1)—n (1 <r <mn) (6.51)
hlP7b;L+2(r 1)—2n (r> 1)

33This equivalence has been known for a long time (for example, [65]) and was recently proved in [66].
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for [ # —m and

hl m+2r (7“ = O)
h = hnlm+2rn (O<TSV1)
hlf,)rliLJrQern (T > Vl)
for [ = —m. One can rewrite this into a simpler form:

hz mi2(r—1) T 0 (I #-—m)
hFS"HrZT + 0 (l = _m)7

(6.52)

(6.53)

which coincides with the factor in (6.49)) and (6.50). Actually, these modules are the same
because of the identification (2.72) and (2.74). Therefore, we can express the generating
function of the plane partition by the string function ¢,y ya¢—1)(7) for I # —m and ¢ 42, (7)

forl = —

From the above, we can compute the character as follows:

X(7, 2)
2

- Z Cl m+2r Z qn "2+2) k+m:(:1(:;r)2)) ykn—i—r-}-ﬁ

rE€Ln ——o0
= (n) o ~ o
B Z Cmrar(T) | Ozmear(nr2) 2n(ni2) (7T, n + 2) + Oom pa(rn)(n+2).2n(n+2) (T

r€Ln
- Z Cl ®2m+2r(n+2) 2n(n+2)( < )

m+2r " 5

rEZL2an

which agrees with the known result (6.23)).
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7 Bershadsky-Polyakov algebra

As we discussed in Section the W-algebra obtained from Drinfeld-Sokolov reduction
varies depending on SU(2) embedding. The best understood W-algebras are those associated
with principal embedding. Both algebras we studied in the previous sections correspond to
such cases. On the other hand, not much is known for non-principal W-algebras. The
simplest non-principal W-algebra is DSQ[@ (3)k), which is known as Bershadsky-Polyakov
(BP) algebra [67, 68]. Because SU(3) is decomposed as 8 = 1 + 2 + 2 + 3, it is expected
that BP algebra is generated by the currents with conformal dimension 1, ;’, g, 2. That is
indeed true. Unlike the other W-algebras, one can write down the OPE relation explicitly

as follows:
J(2)J(w) ~ % GG W) ~ 0, T(E)GH(w) ~ kG w),
@3k 2 oT(w)
T~ =036 —w) T 2 o
TEGHW) ~ g g€ )+ T T ~ e e P
G (2)G™ (w) ~ (k JEZI)_(Z{;): 3, ?z(k_tul)l (w)
+ ~ _1 " (3 CJ(w)? —|—3<k2+ 1)6J(w) — (k+ 3)T(w)),

G*(2)GF(w) ~ 0.

Here, J(z),G*(2),T(z) are the currents with conformal dimension 1,2 5 2, 2, respectively.
It may look similar to N' = 2 super Virasoro algebra, but G*(z) are bosonic. For later

convenience, we redefine the energy-momentum tensor as
1
T(z)=T(z)+ §6J(z), (7.2)

which changes the conformal dimension of G*(z) and G~(z) to 1 and 2, respectively. We

denote the mode expansion as follows:

= Z L,z "2, J(z) = Z Jpz L

nez neZ (7 3)
(2) = Z Gtz G (2)= Z Gz "2
nez neZ

For later use, we rewrite the OPE relation between G*(z) and G~ (w) into the commutator

as

GGyl =3t i+ +(3(k + Dym — (2k + 3)(m + n + 1)) S

leZ (74)

k+1)(2k+3 1
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In this section, we study the rationality of BP algebra discussed in [69]. Here, a W-
algebra is called rational when it has a finite number of irreducible representations and the
other properties such as modularity are satisfied. The typical example is a minimal mode]@
In the following, we check that we can reproduce the correct modules by plane partitions.
We first summarize the result of [69] in Section [7.1] In Section [7.2] we discuss it in terms

of plane partitions. The analysis is almost the same as that in Section [6]

7.1 Modules

The highest weight representation of BP algebra is defined as follows:

Lolh, J) = h|h,JY, Jolh,J)=J|h,J),
Lolh, Y =0, Jo|h,J)=0, Gi|hJ)=0 (n>0), (7.5)
Gl J)=0 (n>0).

Because the action of G§ does not change the conformal dimension, the highest weight state
is degenerate. It may look similar to Ramond sector of N' = 2 super Virasoro algebra, but
there is a significant difference. Because G (z) is bosonic, the multiplicity of the highest
weight state can be more than 2. In the following, we focus on the modules such that the

multiplicity is finite. We denote by ¢ € N the multiplicity, namely
(Gg)' =" [, ) = 0. (7.6)

BP algebra has an automorphism similar to the spectral flow of N = 2 super Virasoro

algebra. The elements transform as follows:

2k +3 2k +3

J, = J, — Ono0, Ln — Lyp—J, + ono, GY— G G, — G, .. (1.7)

n—1»

The conformal dimension and U(1) charge (h,J) for the highest weight state transform as

2k 2k
(h,J)— (W, J)=(h—-(J—i+1)+ ;—3,J+i—1— ;—3) (7.8)
We set the multiplicity of this state to j € N, namely
(Gg) K, ) = 0. (7.9)

We note that the multiplicity is not finite in general, so the module satisfying (7.9) corre-
sponds to the degenerate module. One may also think of it as an analogue of the integrable
representation of affine Kac-Moody algebras. The condition (7.6 requires the norm to

vanish as

(h, J| (Gg)"HGE) b, J) = 0. (7.10)

340ne may not need to distinguish rational CFTs and minimal models in this thesis.
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The same is true for (7.9)). Using ((7.4)), we have

b g ki—3i+ — 6= 2jk+3k+6 (7.11)
" 3(k +3)
It was shown in [69] that one can construct the rational CFT when
k+3:§ (p=3,5,7,9, ). (7.12)
In this case, we can see
(GT)P7210) = 0 (7.13)

by computing the norm. Here, we denote by |0) the vacuum state. This condition implies
: GT(2)P7? := 0 by state-operator correspondence. Therefore, we have 1 < 7,5 < p — 2.
Furthermore, the conformal dimension and U(1) charge should be in the form of (7.11)) after
the transformation (7.8). That requires J;; +i — 1 — 2282 < 1(—2j — 1 + 2k + 6), which
leads to j < p — ¢ — 1. Thus, the parameters ¢, j lie in the range

1<i<p—2 1<j<p—i—1. (7.14)

Summarizing, there are degenerate modules labeled by ([7.14)) and their conformal di-
mension and U(1) charge are given by ((7.11)).

7.2 Realization by plane partitions

Bershadsky-Polyakov algebra and an extra U(1) boson are realized by the following diagram:

Figure 32: This diagram realizes D.S5[U(3)y], which is the product of Bershadsky-Polyakov
algebra and U(1) boson.

We have Y 3[V] at the upper corner and Yy 1|V — 1] at the lower corner. We can interpret

them in terms of the affine Yangians with the following parameters [27]:

2U —3

MY =3ut -2 ) == A =20 -3,

. QW—l (7.15)
2 2 - 2
AP =1, g>=—m_r N = v -2
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The central charge is given by

C:_(2\1/—32153\If—8) i

(7.16)

where the second term comes from the decoupled U(1) boson. The relation between ¥ and

k is given by
v =~FK+3. (7.17)

For ease of understanding, we give a figure for the p > 0 sector:

LILIL7L 7770207070707 0707070707777. 2 SIQLLLL L L7227 70 7077007070707 777777777 2

X

(2.4.1) (2,1,1)

Figure 33: This figure shows the p > 0 sector. We omit the u < 0 case.

One can check that the conformal dimension of the intermediate Young diagram is 2|u|. In
terms of the modified energy-momentum tensor in , the conformal dimension is given
by p for 1 > 0 and 2|u| for p < 0. The configuration is identified with the state (G*)*|0)
for y1 > 0 and (G~—,)"|0) for u < 0.

As in the case of N' = 2 super Virasoro algebra, we denote by j the zero mode of the

decoupled U(1) current. We also set J = Jy. Then we have

j =R — @R, (7.18)
20 — 3/ iV Uy

+
5\

J=—

(7.19)

Now we are ready to check whether we can reproduce the modules from the affine
Yangian. The condition ([7.12)) means 2V = p (p = 3,5,7,---). In this case, the additional
pit appears at (1,1,p — 2). This is exactly the situation we discussed in Section . We
note that the condition is satisfied: (p —3) + 1 and (p — 3) + 3 are coprime because p
is an odd number. Then we can do the calculation in a similar way as in the case of N’ = 2

super Virasoro algebra.

80



We can insert the asymptotic Young diagram v = (v, 15, v3) in the first axis of the first
plane partitionﬁ. Due to the pit at (1,1, p— 2), the height of the Young diagram is at most
p—3, namely 0 < v3 < 1p, < vy < p—3. Let us consider which configuration corresponds to
the highest weight state. It is clear that the intermediate Young diagram ;1 < 0 increases the
conformal dimension. Let us focus on pu > 0 sector. If we change i to p + 1, the conformal
dimension seems to increase by 1, but we need to take into account that we have to subtract
the number of the overlapping boxes. As a result, the conformal dimension decreases when
i < vo, does not change when v, < i < vy and increases when p > vy. Therefore, the
highest weight state exists in the sector of © = 1,. Because the conformal dimension takes
the same value in the region vy < pu < 14, the multiplicity of the highest weight state is
V1 — vy + 1. We will see soon that it is consistent with .

We can compute the conformal dimension h and the U(1) charge J by using . For
the U(1) charge, we immediately have

V1 + 1o+ v
J= -2

_ (v —v1) + (v2 — 13)
5 :

(7.20)

where the first term in the first line comes from the asymptotic Young diagram v while the
second one comes from the intermediate Young diagram. For the conformal dimension, we

have

(= v2)? + (o — v3)* + (v3 — 1)> +6(1 — W) () — v3) + 20 (11 — 12) + (1 — 1/3)).

h= 60

(7.21)

See Appendix D] for the detail of the computation. One can see that both (7.20) and (7.21)

are invariant under the shift (11, v9,v3) — (1 + n,v5 + n,v3 + n). Comparing them with

(7.11), we find the following one-to-one correspondence:
m—uve=1—1, wvp—wv3=p—i—j—1. (7.22)

One can see that the condition 0 < v3 < vy <1y < p— 3 leads to (7.14). We note that the
multiplicity of the highest weight state is also compatible with (7.6]).

35 As mentioned earlier, we do not need to consider the second plane partition because there is an extra
U(1) boson.
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8 Conclusion

In this thesis, we studied the minimal models’ representation theory by using plane parti-
tions. We have first seen that the doubly constrained plane partition provides the correct
Hilbert space of the Wy minimal model. By combining this result with Gaiotto-Rapcak’s
and Prochazka-Rapcak’s construction, we proposed the prescription to describe the Hilbert
space of the generalized Y-algebra. We mainly considered N’ = 2 unitary minimal model
and demonstrated that we can reproduce all the ingredients in the minimal models by plane
partitions. More concretely, we saw that we can reproduce all the primary fields from the
asymptotic Young diagrams and the character from the box-counting. We also showed that
our construction reproduces the rational CFT for Bershadsky-Polyakov algebra.

The main advantage of using plane partitions is that we can compute the character for
various W-algebras simply by counting the number of boxes. There are several applications
of this technique to particle physics. First, it helps us understand higher spin theories
on AdS; through the study of the 2d CFTs living at the boundary. In Adss;/CFTs, it
is important to confirm that the partition function of the bulk theory matches that of
the boundary theory. In particular, when the boundary is given by a torus, the partition
function of the boundary 2d CFT must be expressed as the modular invariant combination
of the characters. This constraint provides us nontrivial information for the consistency
of the bulk theory. For example, the authors of [70] discussed the pure gravity in detail
by using Virasoro minimal models. The similar analysis should be possible for higher spin
theories as was studied for simple cases in [70]. The boundary theory of the higher spin
theory is considered to be the minimal model for W-algebra, and our technique can be used
to determine its partition function.

Another application is related to 4d superconformal field theories (SCFTs). According
to the duality between 4d SCFT and 2d CFT [23], the character is mapped to the index in
the 4d side, which counts the number of the particles keeping a part of the superconformal
symmetry. This correspondence provides us a useful tool to understand the spectrum of 4d
SCFTs. In particular, it enables us to study the strongly coupled SCFTs such as Argyres-
Douglas theories. The counterparts of these theories are described by minimal models, and
we expect that our technique helps calculate their characters.

Finally, we discuss several directions for the future work.

1. In Section [5] we considered the case that two truncation conditions are satisfied at
the same time. To focus on the minimal model, we also imposed the condition .
If it is not satisfied, there are more than two pits and the Hilbert space is expected to
become more complicated. It may be interesting to explore its representation theory.
One of the examples for such cases is U (2) with a particular fractional level. These
modules are called admissible and possess a good modular property. It is known

that they appear in the logarithmic conformal field theory [71]. They also play an
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important role in the context of 4d/2d duality [23]. We hope that we can classify the

representation theory of the (generalized) Y-algebra from the affine Yangian.

2. In this thesis, we considered the W-algebras associated with Lie algebra of type A. It is
natural to consider the generalization to B, C, D-type. In Gaiotto-Rapcak’s construc-
tion, one can do that by introducing an orientifold [24]. The corresponding W-algebra
is referred to as ortho-symplectic Y -algebras. If we can interpret them in terms of the
affine Yangian, it may be possible to describe the Hilbert space explicitly using plane
partitions. The related work has recently appeared [72]. By introducing a comodule
algebra into the quantum toroidal algebra of gl;, the authors of [72] reproduced the
g-deformed W-algebras of type B, C, D [73] and obtained their supersymmetric gen-
eralization. In this construction, the connection to W-algebras can be seen through
the screening charges. Meanwhile, the plane partition representation has not been
understood. If we achieve that, we can do the same analysis as we have done in this
thesis. It is interesting to explore whether we can reproduce the correct Hilbert space
of the minimal models for the W-algebras of type B,C,D, N' = 1 super Virasoro

algebra and so on.

3. Wiis appears also in the context of AdS3/CFTy as the underlying symmetry [5].
The generalization to supersymmetric cases were also discussed. In particular, NV = 2
supersymmetric generalization of Wi, ., was proposed in [I3] and its realization by
supersymmetric affine Yangian has been recently discussed in [74] [75]. We expect the

relation to our results.

4. The affine Yangian of gl, originally attracted the attention of physicists and math-
ematicians in the context of AGT correspondence. In terms of 4d N = 2 super-
symmetric gauge theories, the Young diagram basis describes the fixed points of the
instanton moduli space under the torus action. Gaiotto-Rapcak’s construction is ex-
pected to provide a more general framework of AGT. For example, it was shown in
[76] that the Y-algebra is the underlying symmetry of spiked instantons [77, [78] [79].
Interestingly, closely related works have recently appeared [80, 8I]. In these papers,
the authors proposed new affine Yangians associated with counting of Bogomol’'nyi-
Prasad-Sommerfield (BPS) states in type ITA string theory compactified on a toric
Calabi-Yau threefold. It was discussed that the BPS spectrum can be identified with
the configuration of plane partitions and the affine Yangian serves as the underlying
symmetry. It is interesting to explore the relation to our work. In particular, it is
interesting to study the meaning of a doubly constrained plane partition we discussed

in this thesis in the context of string theory or gauge theory.

We hope that these problems will be solved in the future.
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A Plane partition representation from the quantum
toroidal algebra®

In this section, we briefly discuss the plane partition representation of the quantum toroidal
algebra of gl; (also called Ding-Tohara-Miki algebra [82, [83]), which is the q-deformation of
the affine Yangian of gl;. It has two properties the affine Yangian does not have. First,
we can construct the plane partition representation systematically. Second, it has free field
representation, which makes the relation to W-algebra clear. In the following, we give a
sketch for these points.

The quantum toroidal algebra & (q1, g2, g3) of gl is generated by the currents E(z),F(z),
K#*(z) and the centers C, C*. Tt has three parameters qi, ¢o, g3 with the constraint ¢;qaqs =
1. As we will see later, it degenerates to the affine Yangian in the limit of ¢, g2, g3 — 1. As

opposed to the affine Yangian, the currents have both positive modes and negative modes

as follows:
E — -n — -n + — 1\F1 ﬂ Fr .
(2) =) _E.2", F(z)=) F.z" K*z)=(C")exp <Z:F THep2™ | (A)
nez neL r>0
where

3

we = [ 1@ = o). (A.2)

i=1

The defining relations are given as follows:

g(z,w)E(z)E(w) + g(w, z) E(w)E(z) =0, g(w, 2)F(2)F(w) + g(z,w)F(w)F(z) =0,
_ g(CZ,’LU) _ . g(w,Cz) _
KE*(2)K*(w) = K (w)K*(2), mK+(z)K (w), = ml{ (w)K*(2)

(A.3)
where
g(z,w) = H(z —qw), 0(z)= Z z™. (A.4)
The algebra &; is equipped with the coproduct
AER))=E(2) @1+ K (2)®@E(z), AF(2)=Fr) @K (2)+1® F(2),
A(KT(2)) = KT (2) @ K7(Ciz), A(K™(2)) = K~ (Caz) @ K™ (2), (A.5)
AX)=X®X for X =C,C*,

36This section is a supplement for Section {4 and the reader can skip it.
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where C; = C® 1, Cy =1® C. One can rewrite some of the above relations in terms of
H, (r € Z) as follows:

cr-c
[Hra Hs] = 5r+s,0—7
_ I r _ =)/ r (A.6)
[H,,E(z)] =—-C E(z)z", [H,, F(2)]=C F(z)z
A(H,) = H, ® CrtirD/2 f oGr=Irh/2 o
When the centers act as C' = [} 12 and €t = / , it is said that the representation has a level

(l1,l3). When [; = 1, three types of the representatlons are known, which are called vector
representation , Young diagram representation and plane partition representation [84, 85],

respectively. The representation space can be graphically shown as follows:

TIITT1T] ;H

Figure 34: Left: vector representation. Middle: Young diagram representation. Right:

plane partition representation.

As expected from this figure, we can construct the Young diagram representation from the
tensor product of the vector representation and the plane partition representation from the

Young diagram representation.

A.1 Construction of the plane partition representation

The bases of the vector representation are labelled by an integer ¢ € Z and the action of the

currents are given as follows:

(1= a2)E(2)[ul; = 0(gou/2)[u]is1, (A.7)
—(1 =g ) F(2)[uli = 8(g5 "u/2)[u]i—1,

Fny) = L= Gnu/2)( = dasu/z) o
B = =g T )
K (s = L 6301 2/w)(1 — g3'q5 ' 2/u) i (A.10)

(1—a'z/u)(1 — 3" z/u)

Here, the parameter u is originated from the rescaling symmetry z — uz. We denote by

V (u) the representation space. The eigenvalues of K*(z) are the same as rational functions.
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For convenience, we set

KY (uf2) = KV (gu/2),  KV(z) = Lo = as/2) (A11)

(1—u/2)(1 =gy u/z)

We note that the vector representation is not a highest (or lowest) weight representation.

One can consider the tensor product of the vector representations. Let us consider
V(w) ©V(ugs') @ V(ugy®) @ V(ugs™™). We set

) = uly, @ [ugs g1 @ - @ [ugs™ g 41w (A.12)
The action of the currents are determined from the coproduct (A.5)). For example,

ANVER))=E(:z010 - 1+K (2)0E(Z) 919 @1+ -+ K (2)®- -0 K~ (2) @ E(2),
(A.13)
where we set A = (A®1®---®1)- AD AM = A From this, one can see that the

7

state [A1, -+, Ao, A+ 1, -+ ) Ay) is not generated if A\;_; = \; because
K voilgy uw/2)8(g0" gy u/z) = 0. (A.14)
In a similar way, we see that the state |Aq,--- , A\i—1 — 1, A, -+, Aw) is not generated by the

action of F(z) if A\; = A;i41. Therefore, the subspace spanned by A\; > Ay > -+ > Ay is
irreducible.

The above representation is not a highest (or lowest) weight representation for finite N,
which does not match with the representation theory of W-algebras. We can resolve this by

considering the semi-infinite tensor product as follows:
Fu)=V(w) @ V(ug") @ V(ug?) @V(ug®) @ . (A.15)

In this case, we can bound the representation space from below. To see that, let us consider
the state |@) = 10,0, ---). Then we have

F(2)|0) =0 (A.16)

because we have \; = \;;; for all ¢ > 1. We note that this annihilation condition is
satisfied thanks to the combination --- ® F(z) ® K~ (z) ® ---: for finite N, the last term
in AW=1(F(z)) breaks this condition. As a result, the representation space consists of the
states labelled by a set of integers A = (A1, Ay, Az, -++) with Ay > Ao > A3 > --- > 0 and
Any = 0 for a large N. This representation is the Young diagram representation.

In order to justify the infinite product, we need some regularization. The eigenvalues of
K#*(z) are given by the infinite product,

K*(2)|\) = KY (u/2) |\, K (u/z)= HKX?Hl(uq%’i/z). (A.17)
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Because of the relation

~ 1 —qsu/z
KY (/) = K(u/2) K/, Kufz)= 2282 (A.18)
—u/z
it is natural to regularize the eigenvalue for the empty Young diagram as follows:
Ky (ufz) = | | K(agsu/2)K (g5 u/2) " ~ K(u/>2). (A.19)
=0
For general Young diagrams, we can determine the eigenvalues recursively as
KY (u/z) = K} (u/z) [Tijyer Gl@ g ) 2), (A.20)
where we set
1 1 g 'w/z
i—1 %
Gldi '@ u/2) = Ky, (w/2) /K (u/2), G(w/z)=]] T gz (A.21)

i=1
and A+ 1; = (A, Ao, -, N1, A + 1, Aig1, - - ). The same infinite product also appears in
the action of F'(z) and we can apply the same regularization to F(z). We note that the
level of the representation has changed to (1, ¢3).

We can construct the plane partition representation from the semi-infinite product of

the Young diagram representation in the same way as the above. We set
M(u, K) = F(u) @ F(ugs) @ F(ugs) @ F(ugs) ®--- . (A.22)

The parameter K is related to the regularization as we will explain later. The subspace
spanned by |A) = [AD) @ |[A®) @ [A®)) @ ... with AD D A® D A®) D ... is irreducible.
We note that A corresponds to a configuration of a plane partition. As in the previous case,

the eigenvalue of K*(z) is given as the infinite product
K*(2)|A) = K (u/2)[A), K (uf2) = H Ko (u/z). (A.23)

Let us first consider the vacuum state, namely, A = 0 = (0,0,0,---). As opposed to the
previous case, the infinite product does not converge:

oo

1—qiu/z . 1—qlu/z
Kr =] —=" = lim —B "% A.24
) (U/Z) ];!: 1— Qé_l’U/Z Nl—r}éo 1 u/z ( )

To regularize it, we formally replace ¢)¥ with an arbitrary parameter K:

1—Ku/z
The eigenvalue for generic plane partitions is given by
KD/ = KP(u/z) T] Gla~'d ™). (A.26)

(i:5,k) €A
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The action of F(z), F(z) can be determined by the coproduct. For F'(z), we need to apply
the same regularization. One can express the action of E(z), F/(z) into a simpler form by

changing the normalization of the state |A) as follows:

|A) = ea|A),
(1—q)(1 —gs) u/z o
= J— KP —K 7 > .
* ( 1;[ < “ \/(I_QZ)(l—U/Z) (u/2) qlgu/z (q1q3 u/z) |Z/u—>q ‘g eyt
i,5,k)EA
x H G(q? lq%Q 1q§2 1u/z)|z/u—>ql 1(;{%1 1q§1 1,
(i1,91,k1),(i2,52,k2) EA
(i1,91,k1) <(i2,72,k2)
(A.27)
k1 < ko
where we define (i1, j1, k1) < (i2, j2, k2) as § ky = ko, i1 < 49 . Then we have

ki = ko, 11 = i9, 51 < Ja2

Z d(gryu/?) \/ (1~ qgu/=) Ky (u/2) A +0), (A.28)

Cent 1—q)(1—gq2)(1—gs)

usz\D_ u/z
ZanU/Z\/( Zlﬂ/) =Ny (A.29)

Cen )1 —g2)(1 —g3)

where we assign the value g = qing:’; to each box at (z,y,2) = (i, ], k).

A.2 Free field realization and Miki-automorphism

The algebra &; has three types of free field realizations. The levels of these representations
are (g;,1) (i = 1,2,3), respectively. For each i, we introduce the Heisenberg algebra a,

(r € Z) and @ with the commutation relations

r/2 '—r/2 3 3
[ara as] =T (qz QZ ) 6r+s,0 rSs # 07 [OJ07 ar] = 07 [CL”, Q] = 61 (Sn,O-
— Ry €1€2€3

Then we have the following representations:

9) —r/2 )
(@) _ u(l — gi) q; K r Ry _r
Py (E(2)) = P exp g 7 —r/2)2a_’“z exp E 5 —r/Q)QQTZ . (A.31)

r=1 T(qz qz r=1 T(qz ql
1 -1 0o o0 r/
(%) _u (1 — 4 ) A r —4; —r
Py (F(2)) = exp Z - —5 -a-rZ | exp Z - — (A.32)
1 g = - g /2)
i ar
P (H,) = R (A.33)
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Here, u = exp(—qZ—gei*ao) is the parameter associated with the weight parameter. The repre-
sentation space is the Fock module Flsi), which is spanned by the vectors a_,,a_p, - - a_pn, |u)

(ny >ng>---ny >0, N € Zsg) where |u) is the the highest weight vector satisfying
an |u) =0, n >0, wlu) = ulu) . (A.34)
One can consider the tensor product of the Fock modules. In general, we can consider

F @ Fid) g ... @ Fiy) (A.35)

unN

where iy, 9, --in € {1,2,3}. The action of the generators is determined by the coproduct
structure. One can see that the level of this representation is (vazl i 1). The simplest
case is the tensor product of two Fock spaces of the same type. Let us consider ]-"ﬁ’) ® .7-'5;’).
From (|A.5]), one can see that the current E(z) acts on the representation space as the sum

of two vertex operators:

up (1 — ug(1l —
Be) —» WL ®)y oy w0 7))y (A.36)
K1 K1
A1(2) = exp <§: a3 " kr a(l)zr> exp (i qg/an < CL,(J) a(2)>zr>(A 37)
1 =& r —r - X r —r r —r — Yr '
r=1 7“(‘]3/2 — 43 /2>2 r=1 7”(613/2 —ds /2) 93 — 43
00 —r/2 ()
_ 43~ Fr ) r Rr (2) ,—r
Ao(z) = exp <Z - —, a2 ) exp (Z - — 0,2 > . (A.38)
(e - g5 Sy a7
Here, we set al) = a, ® 1 and @} = 1 ® a,. The current F (z) is written in a similar form.
For H,, it acts as
! (1) 4 (/2 1 0, O
H, — m(ar +q5 "), H_,— m(% al, +a;) r>0,
43 —4qs a3 — 43
(A.39)

which corresponds to the extra U(1) factor of Wi, . The current E(z), F'(z) are exactly the
current of g-Virasoro algebra [86] up to U(1) factor. Next, we consider the tensor product
of N Fock modules of the same type, for example, .7-"15?) ® .7-"15:;’) Q- ]:f,’v) The level of the
representation is (¢3', 1). From the coproduct structure, we see that the current E(z), F'(z)
are written by the sum of N vertex operators. As pointed out in [87], they are exactly the
current of q-Wy algebra [88]. Thus, the algebra & realizes the product of the quantum Wy
algebra and U(1) boson in the representation space ]-1([?) ® .FS;’) R ® .7-"5?1’\2 One can also
consider the tensor product of the Fock modules of different types. See [25] for the detail.
The free boson representation and theYoung diagram representation are related by Miki-

automorphism [83], under which the generators transform as follows:
Fy—H,, HH—-F, Fp—-H, H,—E, C—=C*+ ct—=cCc™" (A.40)
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One can see that this transformation indeed preserves the following relation:

Ly rooy,  mELE =L

[E07 FO] -
K1 R1

(Cc—-c™ (A.41)

Because the elements Fy, Fy, Hy; and the centers generate all of the elements in &, the
transformation rule can be extended to the whole elements. Because the automor-
phism changes the centers, we find that the free boson representation with level (¢;, 1) and
the Young diagram representation with level (1,¢;) are equivalent. By applying the same
discussion to the tensor products, we find that the product of q-Wy algebra and U(1) boson
is realized on the plane partition representation with K = ¢, which is given by the plane
partition with a pit at (1,1, N +1).

A.3 Degenerate limit of the quantum toroidal algebra

Let us go back to the affine Yangian of gl;. The quantum toroidal algebra & (q1, g2, q3) of
gl; degenerates to the affine Yangian Y;(hq, ho, h3) of gly in the limit of ¢1,¢2,q3 — 1. The
explicit relation between & (q1, go, q3) and Y7 (hq, ho, h3) was discussed in [10], where the al-
gebra homomorphism Y from & (q1, g2, ¢3) to the completion of Yj(ey, €2, €3) was established.
As we will explain later, this homomorphism is valid only when C' = 1. The correspondence
between the generators of these two algebras is complicated, but it becomes simple in the
degenerate limit. For convenience, let us set ¢; = e (i = 1,2,3) and take the limit of

R — 0. Then the algebra homomorphism under the limit is given as follows [10]:

TR—)O : gl(GRhl, 6Rh2, 6Rh3) — K(Rhl, Rhg, Rhg)

> g > " 1 = mn2 .
EJHZOH@U FjHZOHfm HmH_Rga?’ZO nl kn (]627m62¢0)7

O sy e 0o
(A.42)

where k(z) = 3> k27" = log ()"} We note that the limit of R — 0 does not cause
substantial effects on the affine Yangian of gl; because it has the automorphism (4.19)) which
scales hy, ha, hs simultaneously. By using this automorphism, we can rewrite (A.42)) as

Troo: & e ef3) — Yi(hy, hy, hy)

S ()" e (7)) L o (Bm)"?
E; R e, Fi— R ZTfm HmH—U—gnz;Tkm

(A.43)

37For the definition of the affine Yangian, see Section
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We can further simplify it in terms of Drinfeld currents. For that, we need the following

formal relation,

(R ;1 | 0L R—0 1

ZO l P E(RDw) 1—w ﬁ(_au) 1 _ ¢ Ru Rurl’ (A44)
J:

- (_Rj)n i  R—=0 1

ZO n! & " Runtl’ (A.45)
=

where we set z = w™! = e D, = wd,,. Using this, we have

TR%O . 81 (€Rh1 R €Rh2, eRhg) — }/i(hla h27 h3)

B -2 + -2 + (A'46)
(z2) = £Re(u), F*(2)— xR “f(u), K(2) ¢¥(u),

where we set E*(z) = Y02 Euj2™ F*(z) = 3772 Fij2™. This is the final result which
describes explicitly how the toroidal algebra degenerates to the affine Yangian.

As we mentioned, the above procedure is valid when C' = 1. That implies that we cannot
tale the degenerate limit of the free boson representation of £ in this way. Indeed, the right
hand side in consists of infinitely many terms, which does not make sense as long as
they do not converge to finite terms on the representation space. Meanwhile, this condition
is satisfied for the vector representation, Young diagram representation and plane partition

representation. Thus, the plane partition representation of the affine Yangian (4.50(), (4.51)),

(£52) are obtained from (A26), (A-28) and (A:29).

B The conformal dimension of the primary field in Wy

minimal models from affine Yangian

In this section, we check that the asymptotic Young diagrams correspond to the primary
fields with the conformal dimension (5.9) under the identification (5.8). We can implement
that in the four steps as follows. First, we see from (4.56) that the asymptotic Young

diagram g has the conformal dimension

)\1 /\1 1
hy = — o P Y (21 + i
1 22 ; b2N ;( St 2 o 8
3 N—1 1-3 N-1 (B.1)
_ = 2 I
i=1 =1
In the same way, we can calculate the contribution from the asymptotic Young diagram v
as
N-1 N—1
1 1—



As we have seen in (4.57)), we need to subtract the number of overlapping boxes

#pNv) ZM’V’ (B.3)

Finally, we have to remove the contribution from the extra U(1) boson, which is evaluated
by 5

ST Using (4.56|), we have

N-1 N-1
RUQ) — 1 <_Zi=l Hi Di1 Vi>2

2% hy ha
N-1 | N1 N4 (B.4)
2
2]\7 Z'ul +2Nﬁ ;Vl) _N(;M>(i:1 Vi)'
. 1 hy hs _ A
Here, we use the relations such as o = %53 —i’ = )\2;\3

h:h1+h2—#(my)—hl’<1>

BZ/%_QZN@V@ %

2

—1
o (B iy =2 vy + 3 Z viv;)
1

i#] i#] i#]

1—5 1
Z“‘ =59 (g5

N-1 1
Pl — qu Pl — qVi )\pty — qV;
~ (3 2 3y Do o — )

o) SV 41— 20) (o qm)'

=1

By using the vectors introduced in Section we can rewrite (B.5|) as

%( (ppi — qui)é)z +2(p — q) ;(W —q)é - ﬁ)
%( Z pi — qui)& + (p — Q)ﬁ>2 —(p— Q)QW) (B.6)
_ 1 (i (pmz qni)&;)> = N(N? = 1)(p — ¢)
24pq )

which is consistent with |D Here, we use the formula é P = % —cand p-p= Nuﬁ_l).

C The norm of the primary states corresponding to

the intermediate Young diagrams

In this section, we check that the state given in (6.13]) becomes null when the central charge

isc= n?’—J’:Z (n € Z>1). According to the discussion below Figure , the state should become
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null if || > n. Let us check that directly from the defining relation (2.66)) of N' = 2 super

Virasoro algebra. For the computation, we rewrite a part of it in terms of the commutator

as follows:
1
[Lm’ G;t] (zm — T)Gizz-i-r’ [‘]ﬂ"w Gj:] j:ijv:H-m {G;tv st:} = 0.
2" ) . (C.1)
{G:_, Gs_} = 2.[/7«4_5 + (T - 8)]»,«4.5 + 5(7”2 - 1)67~+570.
Using it, we can compute the norm of the state (6.13]) as follows:
+ + +
<0| G?T/2 T G%—l/QG\TL\H/Q -G —|pl- 1/2G |l +1/2 777 G—3/2 |0>
e
= (01GFz - G A Gy G- 1/2}G—w+1/2 G52 10)
= (0] G3/2 GT;FA 1/2 <2L0 F 2(|pl + )JO +3 ((W + ) ))Gjmﬂ/z “Gfg/z 0)
Pl 3(ul 1) - + + C.2
S G [ +1 )01 Gy s Gy l0) (€2)
_ﬁi(i+1) <C_ 3(i — 1))
IS i+1 /)
We note that the terms containing {G \, , :Ei—l/Q} (i=1,2,---,|u| — 1) do not appear

in the second line because they become zero. This result shows that the state is indeed null

if |p] > n.

D The computation for ([7.21

The conformal dimension ([7.21)) can be obtained as follows. First, the contribution from
the asymptotic Young diagram v = (14, 19, v3) can be evaluated from (4.56) as
vi+vi4+vi 1-0! 3u—t—2

hV = o 9 (Vl + 31/2 + 51/3) + 9 (1/1 + 1%5) + Vg). (Dl)
Second, the contribution from the intermediate Young diagram p = 14 is given by
h# = 9. (D2)

Third, we have to subtract the contribution from U(1) factor which is evaluated as

2
LU (Zj’:l Vj)

=60 (D.3)
Finally, we have to remove the number of the overlapping boxes
#vNp) =2+ uvs. (D.4)
Combining the above, the conformal dimension A can be obtained as
h=h,+h, —h"Y — #@wnp), (D.5)

which gives ((7.21])).
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