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Abstract

In the context of class S theories and 4D/2D duality relations there, we discuss the
skein relations of general topological defects on the 2D side which are expected to be
counterparts of composite surface-line operators in 4D class S theory. Such defects are
geometrically interpreted as networks in a three dimensional space. We also propose a
conjectural computational procedure for such defects in two dimensional SU(N) topolog-
ical ¢-deformed Yang-Mills theory by interpreting it as a statistical mechanical system
associated with ideal triangulations.
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Introduction

The quantum field theory [1H3] has long history and has made great successes not only in
the particle physics but also in the condensed matter physics, for example. Among several
kinds of field theories, in particular, conformal field theories (CFTs) [4] and gauge theo-
ries are so powerful to make themselves predictive based on their symmetry constraints.
Even recently, there are many progresses in them such as conformal bootstraps [5,/6] and
reformulations of gauge theory scattering amplitudes [7H10]. One of the motivations of
these researches is the new reformulation of the old style QFTs based on Lagrangians or
path integrals. Actually, CFTs can be defined with only the flavor symmetry and the
operator product expansions (OPEs), namely, three points correlators of primary fields.
In gauge theory, the computations of amplitudes are very hard tasks compared to their
simplicities of final results [11].

From the purely theoretical viewpoint, topological field theories (TQFTs) and su-
persymmetric theories [12] are more powerful and, indeed, have provided us many ways
to understand what “quantum field theories” are and many aspects of them, such as
anomaly, non-perturbative effects (confinement, chiral symmetry breaking) and dualities
although they are less phenomenological. Notice that the dualities of (supersymmetric)
gauge theories are marvellous phenomena that two different Lagrangians describe the same
physics, in many cases, in the infra-red (IR) fixed point. Furthermore, the combination of
supersymmetries and conformal symmetry produces more interesting class called super-
conformal filed theories (SCFTs). These theories naturally appear in superstring theories.
For examples, the world sheet theories are superconformal. In the original and simplest
example of the AdS/CFT correspondences |13], the 4D field theory (CFT side) is a SCET
known as 4D AN'=4 super Yang-Mills theory. In this thesis, SCFTs are main targets and,
in particular, we focus on a part of 4D N'=2 SCFTs called class S theories [14-16]. Y| In
many case, they have no known Lagrangian descriptions but several properties of these
theories are determined by using string dualities and symmetry constraints. Surprisingly,
some other types of QFTs, that is to say, non-SUSY 2D CFTs or 2D TQFTs show up in
this context and these totally different theories describe the (BPS) observables of the 4D
SCFTs. We refer to this phenomenon as the 4D/2D duality relation [17,/18]. The details
of this marvellous duality relation are remarked later.

Although this relation is limited, this offers new approaches to these Lagrangian un-

DThe letter “S” comes from ”Six-dimension” because they are defined as the dimensional reduction of
special 6D theories usually reffered to as 6D N'=(2,0) SCFTs.



known theories. Furthermore, this relation is still relevant for gauge theories with La-
grangians. Some string theory’s brane constructions of gauge theories [19,20] make both
reasons clear. The most important observation in these constructions is that several
non-trivial dualities of some gauge theories are explained as some geometrical equiva-
lences in the stringy set-ups. For example, the famous Montonen-Olive duality (N=4
S-duality) [21] which exchanges the role of electric particles and that of magnetic parti-
cles is geometrically understood as the exchange of two different cycles of a 2-torus [22].
This suggests that the dualities of gauge theories maybe beyond the QFT frameworks at
this stage can be naturally understood in terms of geometrical viewpoints. In addition,
this viewpoint is independent of the existences of the Lagrangians. And these geometrical
realizations are directly encoded in these 2D theories of the above 4D /2D duality relation.
That is why we consider this 4D /2D duality relation as some clues to discuss Lagrangian
unknown theories and still a valid method to understand gauge theory dualities.

However, there are another relevant objects in this thesis : defects. Although we
have no unified definitions of defects and, instead, discuss the characterization of them
in Chapter [, we give a concept for them here. Roughly speaking, defects are some
regions in space-time where the physics is different from that at bulk to some extent. The
terminology also means the physics there. For example, the boundaries of the space and
boundary conditions there are defects in this sense. As you see from this simple example,
defects are not minor but seems to be common objects in physics. Other interesting
aspects of defects not discussed in this thesis are the roles of order parameters of phases.
The most famous examples are Wilson loop operators [23]. Intuitively speaking, they just
insert a non-dynamical electric particles, namely, heavy quarks and see their responses in
the free energy, for example. Their behaviours at a large loop limit measure the force or
the potential energy between two heavy quarks and, in some cases, determine the gauge
theory phase (Coulomb, Higgs and confinement).

Defects are common and important concepts in the string theory, in particular ,branes
too. Recall that the branes have the following aspects. They can arise as the boundaries of
fundamental strings or other branes and also naturally show up as the dynamical solitons
in string theory [24]. And the effective theories of the (BPS-)branes are (supersymmetric)
gauge theories in the simple set-ups. Therefore, the natural objects can be described by
the boundaries of those effective theories. In other words, the sting theory offers several
viewpoints on the defects of gauge theories and, conversely, the field theories describe the
dynamics of branes in the string theory. They play the role of a bridge between these
totally different theories.

Now that we see that the defects are important in understanding the frameworks of
QFTs and the string theory. The works discussed in this dissertation are motivated by
the following questions:

e In general, QFTs allow the existence of defects but how can we characterize them ?
In particular, how can we study the defects in the Lagrangian unknown theories 7

e [f they are defined once, how can we compute the spectrum ?



Here recall the previous idea : some aspects of special field theories, regardless of whether
or not they have some Lagrangians, are geometrically described. This relation is expected
to be also applied to the defects without exceptions and, indeed, turned out to hold true
based on several observations [25-H28] for examples. This is the starting point to answer
the above questions.

Let us review the developments of the defects in the context of class S theories and
4D /2D duality relations there.

First of all, see the above story in detail. The field theories we would like to analyze
are interacting superconformal field theories called “class S theory” which are obtained
as twisted compactifications of the 6d N'=(2,0) SCFTs on Riemann surfaces C' with
punctures. Interestingly, even though almost all of the SCFTs have no definition
based on the Lagrangians, some of their BPS observables have been evaluated assuming
the dualities following their geometrical constructions. In particular, for theories with
N'=2 Lagrangian descriptions, their partition functions on the squashed four-sphere S
[29,]30] and the superconformal indices (SCIs) [31] (in the Schur limit) or equivalently
partition functions on S x, S* [32] were computed. Based on their explicit expressions,
it was recently suggested that many class S theories beyond the Lagrangian definition
have alternative effective descriptions by some 2D theories : Liouville/Toda CFTs for S;
case [17,38] and 2D topological g-deformed Yang-Mills for S* x, S? case [18,39,40]. In
particular, the conjectural SCI expression of the (non-Lagrangian) Argyres-Seiberg dual
theory [41] for SU(3) Ny = 6 superconformal QCD was obtained using the inversion
formula [1§]. Indeed, in addition to the partition functions, these 4D/2D dualities also
offer new geometrical descriptions of supersymmetric defects in such SCFTs, which are
main subjects of this thesis.

Let us focus on the 4D gauge theory at first. As basic objects, there are supersymmet-
ric Wilson-"t Hooft line operators [23},42-49]. [*| They are one-dimensional objects, loops
in 4D and the natural extensions of Wilson loop operators by replacing the electrically
charged particles (quarks) by both electrically and magnetically charged heavy probes
(dyons). As another generalization of loop operators, there are half-BPS surface opera-
tors [50-56]. They are two-dimensional objects in 4D. They correspond to the insertions
of heavy string-like objects (for instance, cosmic strings [57]) or some non-dynamical vor-
tex. Here we quote a fact that 6D N'=(2,0) SCFTs have codimension-two defects and
codimension-four defects. Then, before the dimensional reduction via C' (a punctured
Riemann surface), both loops and surface operators are expected to be some codimension
four defects. )| Equivalently speaking, both defects come from codimension-four defects

2)The punctures correspond to the codimension two defects in 6D as explanied in Chapter. [2[ and
Appendix.

3)In this thesis, we focus on the Riemann surface compactifications with more than two regular punc-
tures and no irregular ones. There are generalized proposals for non-SCFT's and Argyres-Douglas theories
which need such irregular punctures [15L33H37].

Y Throughout this thesis, we use the words defects and operators interchangeably. We also use loops
and [ines interchangeably although there are subtle differences.

5)Precisely speaking, some surface operators can also come from codimension-two defects in the 6D



appearing in 6D N'=(2,0) SCFTs and both have the same origin in 6D. Notice that 4D
loop defects and 4D surface defects looks like codimension-one defects and local defects

on the 2D side, respectively. Their appearances in those 2D theories on C look totally
different. See Fig. [I}

X

Figure 1: By starting the 6D N'=(2,0) SCFT, after the twisted compactification by C,
we have some 4D N'=2 theory according to the choice of C' and types of punctures on it.
On the other hand, reduced onto C, some 2D theory lives on C'. We have a decomposition
6 = 4 + 2. Strictly speaking, they capture only BPS sectors of the 4D theory. In this
set-up, we can add codimension four defects in 6D ( = two dimensional surfaces). There
are at least two ways of reductions : 2 =1+ 1 (red) or 2 =2+ 0 (green). The first case
is 4D loop defects and the latter is 4D surface defects.

Let us focus on the 2D theory. The 4D loop operators correspond to Verlinde network
operators/Wilson network operators in the Liouville-Toda CFTs/g-deformed Yang-Mills
theories, see [25,62-64] for the geometrical viewpoint, [26-28]65-68| for the Verlinde net-
work and [69-75| for the Wilson network. On the other hand, the 4D surface operators are
mapped into (fully degenerate) vertex operators/difference operators in the CFTs/Yang-
Mills theories, see [26}28,|76] and [55), 77-81]. Geometrically, they can be represented as
special punctures on the Riemann surface in both the set-ups. These works seems to
give the answers to the above questions. However, they are far from the complete an-
swer. One of the reasons is that they discuss only SU(2) gauge theories and some special
cases of SU(3) type theories at most. Our work [75] provided the extension to general
SU(N)-type theory.

The key concept in this work is the class S skein relation. To explain that, we regard
the above 4D /2D duality relation as follows. This duality relates the charge of 4D loops
and the network geometry in 2D and, naively, it is expected that this correspondence
is one-to-one. However, this is not true actually and the map is many-to-one, that is
to say, there are infinitely many networks to give the same 4D loop operators. In this
thesis, we view the skein relations as the equivalence relations. See Chapter. [4] as for the
more precise definition and their concrete examples. Among the skein relations, there is
a special class of skein relations called crossing resolutions. This relation connects the
OPEs of loop operators in 4D and the resolutions of all crossings between networks in
2D. We found that these relations naturally coincide with those already well-known in
mathematics. We do many consistency checks that this conjecture is true in Chapter. [

and [Bl

theory [58H61]. However, we do not pay attentions to them in this thesis.




At this stage, there appear no surface defects. Let us consider a situation in which
both line operators and surface operators coexist [82]. A key observation to describe their
skein relations on the geometrical side as follows. On both the Liouville/Toda CFT and
the g-deformed Yang-Mills theory, the concept of crossings of networks exists and, in fact,
they correspond to the ordering of corresponding half-BPS line operators in one space
direction determined by the unbroken supersymmetry in 4D gauge theory [48}/49,75,83].
Then, the existence of crossings among several networks suggests that there is a hidden
direction which is exactly identified with one of physical directions on the 4D gauge theory
side. @ In other words, there appears a three dimensional geometry combined with the 2D
space C' and one of 4D directions which is determined by the unbroken supersymmetry for
the half-BPS loop operators. This is the more familiar story in RCFTs whose conformal
blocks are the wave functions of the corresponding 3D Chern-Simon theories [84,85]. See
also [86/,87] as for Verlinde loop operators in the Liouville CFT. We must note that the
closer story exists for g-deformed Yang-Mills theory [74/88,[89] but we do not know the
precise relation between two systems. When we recall that the expectation values of BPS
loops are independent of the positions on that direction [30,48,49,83|, it is natural to
speculate that the networks are still topological in the new geometry. In this new three
dimensional geometry, codimension four defects are expressed as knot with junctions and
both surface defects and line defects are on the same ground. We refer the corresponding
defects in the g-deformed Yang-Mills theory to as “punctured networks”. This discussion
is the half story of our paper [90] and shown in Chapter.

Once we have understood the geometrical relations on the 2D side, we go to the second
question before : How to compute the correlators for the given general network defects in
the 2D g-deformed Yang-Mills theories ? Naively speaking, it seems to be enough to
replace ordinary Lie groups by “quantum group” as gauge groups at mathematical level.
Indeed, the rigorous definition of Wilson loops without junctions in that case was given
in |73 based on quantum groups, but its extension to any networks is not obvious yet for
several reasons. Furthermore, even if it can be well-defined, it is not useful for the actual
computations because it needs the general invariant tensors in the quantum group sense.
Instead of giving rigorous definitions, we will propose the direct procedure to obtain the
conjectural expressions in Chapter. [4] and apply them to many examples in [5 This is
based on the other half of the paper [90] mainly.

Finally, we make a few comments on the applications of the skein relations. The
first concerns the dyonic loop operators of N =4 SU(N) Yang-Mills theory. From the 4d
gauge theory perspective, their classification was performed in [44]. When the electric
charge and the magnetic charge of a dyonic loop are parallel in the weight system, there
is an obvious realization of such dyonic loop in the class S language as a loop wrapping
the torus. When they are not parallel, it was expected that they are represented by
networks on the torus. We will give a complete description in the case of SU(3). Later,

6)If we replace the 4-manifold on which the gauge theory is defined by the squashed 4-sphere Sy, there
are locally two such directions which are exchanged under the flip from b to b=! [30]. Here we focus on
either direction.

"See [68] for the Verlinde networks.



we discuss the extension to general SU(N) cases. The other is proposals of new kinds of
skein relations. This work is based on [91].

The organization of this dissertation is following: In the chapter. [l we see what defects
are and their examples briefly. In Sec. [I.I} we summarize the author’s viewpoint on the
notion of defects. In Sec.[I.2] we introduce the 4D Wilson-"t Hooft loop operators which
are important class of loop operators if we have some gauge theory Lagrangian description.
In the chapter. [, we review the main set-ups called the class S theories which are 4D N'=2
theories obtained by the 6D N'=(2,0) theory compactifications. Notice that Appendix.
is the complement of this chapter. In Sec. 2.1 we provide another approach to analyze the
class S theories. In Sec. 2.2 we discuss the analysis on the 6D codimension two defects
and see their important consequences about the dimensions of moduli spaces are shown
in Sec.[2.3] In we see the several class S theory examples needed for later arguments.
Notice that there is a bit argument not explicitly discussed before as we know

After the set-ups are explained, we move on to the observables called the supercon-
formal indices (SCI) and its relations to TQFTs in the chapter. . In Sec. , we discuss
the state-operator correspondence and then in Sec. we define the SCI and explain
their properties. In Sec.[3.3, we make a brief comment on the poles of SCI. In Sec. [3.5] we
state the 4D /2D duality relations between the class S Schur indices and 2D topological
g-deformed Yang-Mills theory and check them for free hypermultiplets in Sec. [3.6] which
includes a discussion explicitly written nowhere before. In Sec. we briefly comments
on the SCI in the presence of defects. Finally, we briefly review the necessary facts about
2D g-deformed Yang-Mills in Sec.

The central works done by author originally are written in chapter 4 and 5 mainly.
The chapter. 4] is main subject in this thesis. The first two chapters are based on [75]
and all sequent sections on [90]. In Sec. [1.1] we review the 4D physical interpretation
of crossings of networks on the 2D side and make the dictionary between 4D and 2D. In
Sec. [4.2] we discuss the geometrical descriptions, namely, skein relations. We see there
they are equivalent to those already known in mathematics. In Sec. £.3] we introduce the
new definitions of defects in the 2D topological ¢-deformed Yang-Mills theory, what we
call, Wilson punctured network defects. We explain their 6D viewpoint. Sequentially, in
Sec. [4.4], we translate these results into the language of g-defomred Yang-Mills correlators
or their operator actions. In Sec. finally, we propose the new conjectural formula to
compute their correlators.

The sequent chapter. [5| focus on the applications of the results in the previous chapter.
Sec. includes both the result in [90] and unpublished results. There we exhibit many
computations of Schur indices based on the conjectural formula and see the results support
it conversely. In Sec. [5.2] we propose the new kinds of skein relations which means that
they include 6D codimension two defects. In Sec. and Sec. we apply the skein
relations to see the charge/netwrok correspondence which is the 4D/2D duality relation
for 4D loop operators and 2D networks, in particular, when some gauge theory Lagrangian
exists. In Sec. 5.4 we exhibit several examples in the 4D N'=4 SU(N) super Yang-Mills
theory.



Throughout this thesis, we use several conventions on the expressions of irreducible
representations. In particular, we summarize several basis of weight vectors and some
formulae about them in Appendix. [A]



Chapter 1

Defects in QFT's

In this chapter, we give our perspectives on defects in QFTs. In Sec. [I.1 we classify the
defects from the dimensional viewpoint at first and in terms of the characterizations. In
many cases, these characterizations are related each other but we do not discuss this point
in this thesis. Notice also that these viewpoints are far from complete classifications. In
Sec.[I.2] we focus on the special well-known defects called 4D Wilson-'t Hooft loops which
we will use in the later chapters.

1.1 The brief taxonomy of defects

In this section, we use some examples of defects without detail definitions. See Sec.
as for Wilson-"t Hooft loops.

1.1.1 Dimensional viewpoint

First of all, defects can be categorized according to the dimensions or the codimensions
of their locus. Let us consider four cases below.

The dimension zero defect are just local operators. We usually compute the correlation
functions of these local operators. The dimension one defects are loop / line operators.
The 4D Wilson-"t Hooft loop operators are such examples. In 3D, there are Wilson loops
and vortex loops [92]. The dimension two defects are called surface defects [50]. If we have
a two-form Abelian gauge field, they can couple to surfaces as the extension of Wilson
loops. These are sometimes called Wilson surface operators. The dimension three defects
are volume defects.

The other characterization is the codimension. The codimension four defects are
realized as non-dynamical instanton [93]. The codimension three defect includes the
monopole operator for example. The above Wilson-'t Hooft loops are such examples
in 4D. The codimension two are some vortex like operators. In 4D, these are just the
surface operators. In this thesis, we focus on this type of operators in Appendix. 2 The
codimension one defects are domain walls [94-96]. Formally, we can consider codimension
zero, namely, “full filling” defects. These defects just induce the new matters in the bulk.

10



If some Lagrangian descriptions, they just add some new Lagrangian to the original
Lagrangian. The codimension two defects in 6D localized at the 2D Riemann surface in
the class S story are such defects for the 4D theories after the compactification.

More precisely, defects with different dimensions can couple each other. In particular,
some d-dimensional defects with some boundaries can be attached to by some (d — 1)-
dimensional defects. The first examples are open Wilson lines. When a Wilson open line
operator in the representation R is put on, to make it gauge invariant, we must attach
some local operators qgr(x) at the ends like

Wallha)) = ity Pesp | [ b ()] ana) (1)

where pg is the representation map from g to the endmorphism of the dim R representation
vector space and qr transforms as the representation R.
The second examples are open surface operators.

exp [/S B} exp MSA] (1.12)

where S is an open surface and B and A are some 2-form and 1-form gauge fields, respec-
tively. A TQFT called BF theory has this kind of operators [97,98].

The third examples are the interfaces between different defects. The composite surface-
line system we consider in Chapter. is such an example. This system is expected to
be realized as the surface defect on which some interface exists. It is possible to consider
two kinds of surface defects glued along their boundaries. As briefly remarked later, we
can view this as two 2D systems with different gauge groups or matters coupled through
an interface. The S-duality wall in 4D N'=4 SYM is also such an example [28}(95/96].

1.1.2 Characterization of defects

The important and interesting properties of defects are that they can be characterized in
several ways. We briefly see this below. Notice that they are sometimes equivalent in the
sense that they flow to the same object in the IR.

In particular, we focus on the (super)conformal theories because any defect is expected
to be introduced at the UV CFT. We assume that the bulk /5 function (at least far away
from the defects inserted regions) is free from defects insertions except full filling defects.
In other words, the systems still remain conformal. We call such defects conformal defects.
If the system enjoys supersymmetry, the defects break it because the supersymmetry
generators lead to the space-time translational generators some of which are broken in
the presence of defects. However, in many cases, it is possible to consider the defects
preserving some of supersymmetry generators. We also call such defects BPS defects. In
this thesis, we only treat the maximally supersymmetric ones in 4D N'=2 systems and
they are usually called half-BPS defects.

11



defects as general boundary condition

The original definition of defects introduced by 't Hooft [42] is the imposition of singular
boundary conditions on dynamical fields. We show two important examples in this thesis
: Gukov-Witten type surface defects [50], namely, codimension two defects and 't Hooft
loop defects. See Sec. for the definition of Wilson-"t Hooft loops.

The UV ’t Hooft loops [44] are defined by requiring the boundary condition

F ~ BdQg (1.1.3)

around a locus at which the loop inserted. || dQ2g- is a volume two-form on S? linking the
loop by one. Notice that the magnetic charge arising from the loop | o2 I is quantized. At
the topological level, this charge corresponds to the first Chern class of the gauge bundle
or an element of m (G) [42].

In the case of the Gukov-Witten type surface defects, we require the boundary condi-
tion like

A~ af (1.1.4)

where 6 is the coordinate of S* which links with the surface defect locus. The holonomy
around the surface defect is given by fsl A = 27w« where « is not quantized. And the
topological charge is given by m(G) which is trivial in usual cases.

defects as coupled theory

The second definition is the most practical one, at least, in the many supersymmetric
gauge theories, where their partition functions can be computed by the localization meth-
ods.

This concept is well-discussed in [94,(95], |50] for example. Let us consider a theory
with defects on which some lower dimensional field theory lives. The formal computation
of partition function of the composite system is given by

Zeonprealz®. ] = / DX Zoya XIDY a1 Zuetoes Vat5(X |t — Yar) (1.15)

where X represents some bulk fields and Yj; does all fields on defects M. After the
coupling, they are gauged if they are background gauge fields on the defects.

Notice that the delta function comes from the integration over some auxiliary field J
coupled to both X as

O(X | — Xar) ~ /Djefd%(MV'(X'M‘bev?). (1.1.6)

DWe ignore the regularization or counter terms in this thesis. In the localization computation, they
are needed [46].

12



More generally speaking, when we have D-dimensional (S)CFT with the global sym-
metry Gy and p-dimensional (S)CFT with the global symmetry Ggegect, by gauging some
H satisfying Gpux O H C Ggefeer and being non-anomalous, we have new system with
flavor symmetry F24 x FP%4  where each F' is the commutant group of H in each G. We
call such set-ups Dd-pd coupled systems.

In particular,

Zcoupled = /DVZbulk[V]Zdefect Varlo(V v — V) (1.1.7)

where Zy. includes the contribution of the gauge field or the vector multiplet V. This
perspective is natural in terms of D-brane construction, see [99,/100] for example.

The concrete examples of this kind of systems are following : 4d-2d system [54,55),
76,101 (M=2 and N'=(2,2)) [102] (N=1 and N'=(2,0)), 4d-3d system [94},95] (N'=4
and N'=4), 4d-2d-0d system [103] ( In 4d N'=2, there are two kinds of 2d N'=(2,2)
systems and 0d N'=4 QM appears at their intersection ), 3d-1d system [104](N'=4 and
two kinds of N'=4), 5d-3d system [105H107] (N'=1 and N'=4), 5d-3d-1d system [108§]
(strictly speaking, not analyzed as coupled systems), 5d-1d [93].

defects as varying parameters

The third characterisation of defects is valid in some IR theories into which some UV
theory flows after relevant perturbations. The idea is simple as follows [26],50].
Let us consider a space-varying classical background of a field with characteristic scale

1 1
¢ at UV CFT. After flowing at the energy scale I << 7 we have the lower dimensional

region where the background field dramatically changes. In the deep IR, we may identify
this as some defects. By regarding a physical parameter as the vacuum expectation value
of a dynamical field, it is possible to replace it by the physical parameter in the above
discussion.

Let P be a parameter space or a classical vacuum manifold. Now, we have a map

Map(M — P) (1.1.8)

where M be some space-time manifold. In the long distance limit, the map may have some
dramatically changed regions which are identified as defects. Recall that the disconnected
part of the space of maps corresponds to the topological sector of field configurations.
Therefore, in some cases, we can regard some defects as the IR limit of heavy topological
solitons.

These viewpoints sometimes provide new ways of computations of the corresponding
correlators. The most successful story was did in [77] and they add a bi-fundamental
hypermultiplet and, by giving variant VEVs to it, construct a N'=(2,2) vortex in 4D
N=2 systems which flows to an IR surface defect. They found this operations results in
the actions of difference operators on the superconformal indices.

In this thesis, in particular, in Sec. [4.3] we view 4D line defect coupled to the 2D
surface defect as the 2D interface. Let us discuss this perspective. There, P is a Riemann
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surface C' in the class S theory. By recalling that the brane construction of the N'=(2,2)
surface defects [26] on which some 2D N'=(2,2) system lives [109], we can expect the
local coordinate is identified with the 2D complexified FI parameters. It is considered
that P is some parameter space of surface defects in the corresponding 4D N'=2 systems
determined by C. M is the 2D surface defect in this case (not R*) because we would like
to consider the interface on it. Furthermore, we may reduce one of directions along the
interface will extend. Now, a map from R or S (one of 4D directions) to C' (2D space)
appears and we can view this as an orbit in R x C' or S x C. This is the background
idea in Sec. where S! is just the Hopf fiber direction there.

The related simple example is the Abelian Wilson loop in two dimension. Let ) be a
2D FI parameter and varies as one direction denoted by z! as follows;

n(at) =7 [l—l—tanh (xlg_“)] (1.1.9)

If we take the IR limit ¢ — 0,

n(z') — 270(z' — a). (1.1.10)
Now, we have the FI coupling
1 1 0 1 1 0 1
o nk = —5- de” | dx On(x')Ag = — [ dx”Ag(x” = a). (1.1.11)

where we assumed A(z° = +o00) = A(z! = +oo) = 0. This is exactly the 2D Wilson
loop. The higher dimensional extension is also possible by introducing the electric surface
operator.

The other example is the Abelian Higgs model just discussed above in the construction
of the 2D surface defects in the 4D.

defects as probe

The fourth definition is also related to the previous viewpoints : just addition of some
probes. For example, the Wilson-"t Hooft loops are abstractly viewed as non-dynamical
(heavy) dyonic particles. At least, for the Abelian Wilson loops, this is realized by adding
the interaction terms j(z)A(z) to the Lagrangian where j(z) = () is a (D — 1)-form
which is Pincaré dual to the loop 7.

defects as representation of symmetries

The final viewpoint is just characterization by the representations of the conformal sym-
metry and the flavor symmetry. This is powerful in the sense that the form of correlation
functions are constrained. Any local operator in CFT is such example.

The flat D-dimensional Euclidean CFT has SO(D + 1,1) conformal symmetry and
global symmetry F' and any local operator belongs to a unitary representation of SO(d +
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1,1) x F. In 2D CFT, the boundary conditions in RCFT are determined [110,111]. Some
recent progresses have been done in the conformal bootstrap developments. In particular,
by analysing the conformal quadratic Casimir equation, they discuss the conformal block
in the presence of defects [112,[113].

1.2 Wilson-’t Hooft loops

In this section, we define the Wilson-"t Hooft (or dyonic) loop defects following [44].

1.2.1 Wilson network defects

First of all, let us define the Wilson loop operator. This just inserts the factor

Wa(y) == Trp [P exp <27£A)} (1.2.1)

for the real gauge field A and the closed path ~.

Next, we extend these Wilson loops to networks. To see that these objects are also
physically natural, let us interpret the ordinary Wilson loop cases in terms of the probe
descriptions.

In the Abelian gauge theory, the insertion of the ¢ charged Wilson loop along @
corresponds to the addition of the following term to the Lagrangian

q/@dsAp = q/ddasd(p)A (1.2.2)

where s is one parameter coordinate along g and A, is the pull-back of A onto p. In the
non-Abelian case, this probe looks like a heavy quark.

Now, let us take p to be the trajectory of a pair of quarks in a creation-annihilation
process. T and L are the process time interval and the average of space separation length
respectively. Roughly, the logarithm corresponds to the potential energy between quarks

= 108((Wa(1))) ~ Viggpe (1) (123)

Since the Wilson loop measures an effective potential energy of a meson, it is possible
to define the counterpart for hadrons. The trajectory of three bound quarks is a graph
consisting of three open edges g1, p2, 3 and two trivalent junctions (Fig. |1.1):

W({@b Ry; 99, Ro; g3, R3}) = Invy,:r 9 R0 Rs [U(@l)U(M)U(@E‘»)] (1-2-4)

where R, Ry and Rj3 are representations of G satisfying that R; ® Ry ® R3 includes trivial
one 1.

2)

If there is multiplicity, we must attach the information of the choice of the invariant tensors or the
projections to each junction.
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Figure 1.1: The Wilson network operators.

1.2.2 Wilson-'t Hooft loop

Although the original definition of 't Hooft operators was given in , we adopt a more
refined definition following . Their supersymmetric cases are discussed in [45] and
some following papers. In this section, we do not require any supersymmetry but
introduce scalars which will be a complex scalar in a (N'=2) vector multiplet.

Especially, we consider maximal symmetric class of the loop operators. This means
that the loop defects break the full conformal isometry into the stabilizer subgroup maxi-
mally preserving their locus, namely, SO(3) x SL(2,R). This is the same for the boundary
in 2d CFTs. In fact, we can conformally map this geomertry R x R>o x S? into H x S?
which have the common isometry group.

Monopole background

Let us first analyse what boundary condition preserving the maximal isometry is allowed
in the Abelian case. Then, we generalize this result to non-Abelian case.
For a field strength F' € Q?(R"3\(R x {0})) where R x {0} is the loop/line operator

locus the SO(3)-invariance requires

1
L, F=0 for i=1,23 — F= 3 (B(t,r)dQg2 + E(t,r)dt A dr)
Li—1 23 is the SO(3) Killing vector i.e. satisfying su(2) algebra.
Imposing the maximal conformal symmetry (SO(3) x SL(2,R) here) further, we gain
the result as follow :

1 d
LrarthBtF:LBtF:O — F= 5 <Bd932 +E7§/\dt>

Note that the above solutions satisfy the Bianchi identity dF = Q,,0(r)d*z and the
equation of motion d x F' = Q.0(r)d*r and the electric and magnetic charge is given as

Qti:fsQ*F:Q'ﬂ_E and Qm:fSQF:Z']rB

3)For the supersymmetric Wilson loops in N'=4 SYM, this had been already defined in |\ for
example.
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The Abelian gauge field is represented as

B E dt

which is not globally defined on even R\ (R x {0}). The undefined region is R x Rsy =
{(r,0,9)|0 = 0} and this is the exactly famous Dirac string.

It is straightforward to generalize from the Abelian case to the non-Abelian case.
There is a new constraint that [B, E] =0 i.e.

E€gp:={X €q|[X,B] =0} (1.2.6)

where gp is called the stabilizer of B in g and also turn out to be a Lie subalgebra using
the Jacobi identity. For simplicity, we set E to be zero i.e. consider no electric charge
background at first. We consider B to be an element of g however. The consistency with
the equations of motion depends on the details of the system and we will make a comment
on it later.

Recalling that any element in g can be in the Cartan subalgebra b of g, it is possible
to regard B as an element of h. Notice also that the above boundary condition makes
sense when the gauge fixing is specified like this.

Quantization condition and magnetic charge

The existence of the Dirac string says that it is impossible to define a global and non-
trivial connection (gauge fields with topological charges) without any singularities over
S% or R?\ {0} and it is necessary to have at least two patches Uy(0 < 6 < ) and
Us(0 < 6 < m). The non-Abelian version of in £ = 0 are defined on Uy and we
need the gauge field expression on Ug. This can be obtained by changing § — 7 — 6 and

¢ — —¢.[]

Ay = —(1 —cosf)de over Uy (1.2.7)

N | oy

Ag = —(—1—cosf)dp over Ug (1.2.8)

The common region is Uyg := Uy N Us = S*\{pn, ps} =~ S x R where py and pg are
the north pole and south pole respectively. The transition function over Uyg should be
given by

gns(8,6) = exp (iBp) € Tg € G for (6,¢) € Uns. (1.2.9)
Naively, the single valued condition for gng can be written

exp (2miB) = Idg. (1.2.10)

4)This is not a coordinate transformation in the same patch but a transformation between two patches.

The latter one is needed to preserve the orientation on S2.
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However, in the case that there are only adjoint matters for example, we can weaken
the above condition. In that case, if we choose gns(¢ = 2m) # Ids but satisfying
Ad(gns(¢ = 2m)) = Id ,, g, this transition function acts on all the wave functions appro-
priately in the sense that it is single valued.

To be precise and to avoid confusions, we cautiously redefine the ordinarily used term
“gauge group” at this stage [83/115]. Denote the theory we consider by X and its universal
gauge group by G which is uniquely determined. There is also a unique maximal subgroup
Zx of Zz such that all purely electrically charged dynamical matters are invariant under
Zx action. Now, we define “unframed electric gauge group” as Gy := G /Zx.

Next, let us choose a discrete group I' satisfying

Zxcl' Cc Z; (1.2.11)

and define a “framed electric gauge group” as G=0G =G /T. This depends on the
choice of I' and is not unique unlike Gx. When we say that the framed electric gauge
group of the theory is GT, we do not allow the Wilson loops charged for T'.

Hereafter, we use simply G = G/I'g for Gy or G.

When there are only matters neutral to Z5-charge, we may relax (|1.2.10f) to

R¢ (exp (2miB)) = Idg, for VRg € Rep(G) (1.2.12)

where Ry is the unitary irreducible representation set of G' not G. This expression is
equivalent to

Ra(B) € Z - Idg, (1.2.13)
and, after setting B € T, this reduces to
Ar,(B) € Z (1.2.14)

where Ap,, is the highest weight of R.
Now, the condition (1.2.12)) is simply expressed as

MB) €Z for A€ A§ (1.2.15)

where AS is the character lattice of G which is defined by the integral linear combinations
of the highest weights of G. See Fig. for the Ay = su(3) example. This is the
non-Abelian version of Dirac quantization condition derived in [116] and called Goddard-
Nuyts-Olive quantization condition named after it. Notice also that the cocharacter lattice
A% is defined as the set of B satisfying this quantization condition which form the lattice
structure.

This result suggests an important and expected fact. Recalling that AS equals to
the character lattice of the dual group GV i.e. AS ~ Aglv and that the Weyl equivalent
elements are also gauge-equivalent by definition, we can conclude that possible magnetic
charges B or 't Hooft loops are classified by the irreducible representation of GV.

B e AS /W, ~ AS /W, (1.2.16)
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Figure 1.2: For example, Ay or SU(3) charge lattice. Each number shows the dimension
of the representation which corresponds to the highest weight. e, x and a mean that the
center charges of Z(SU(3)) = Z; are 0,1 and 2 respectively.

In this framework, the original classification of the 't Hooft loops in [42] referred to as
the “topological charge” is given by

AG/AG ~ 71 (G) ~ Zav ~ Z5/ 2. (1.2.17)

This is because the topological charge corresponds to the center element of gy5(0) ' gns(27)
in G where Zq acts on the wave function trivially by the physical definition. Mathemat-
ically, this is the isotopy class of glue transition function or the topology class of an
associated vector bundle specified by (G, pmatter).- They are related via mo(Map(St —
G)) = m(G). N

When G = Gx = G := G/ 25, Ao equals to Ap,,. This is the case for N=4 Super
Yang-Mills or pure Yang-Mills and the magnetic charges are classified by m(Gaq) ~ Z5.
Note that if the dual fundamental quarks (monopoles for the original gauge theory) exist,
any magnetic charge are screened by them and 't Hooft loops have no information in the
deep IR (N-ality). On the other hand, if G = Gx = G, A equals to A,. This is the
case for general QCDs with fundamental quarks. In this case, there are no non-trivial
topological charge by nature.

In the compact Abelian case G = Gx = U(1), we can define the minimum electric

charge as e and ([1.2.10]) reduces to the simple condition

exp (2mieB) =1 i.e. B= ™ for meZ. (1.2.18)
e

The magnetic charge ),,, = 27B = mz?” is quantized where the minimal magnetic charge
is 2?” and this is the exactly Dirac quantization condition. Mathematically, the topological
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charge m is the element of 7 (U(1)) ~ Z. This is the infinite choice whereas the set of
topological charges is a finite set in any non-Abelian groups.

1.2.3 The classification of Wilson-’t Hooft loops

The classification of possible charged loop defects in gauge theory has some subtle prob-
lems. They seem to be labelled by pairs of representation of G and GV, namely (Rq, Rgv),
but the correct answer is not so simple. As explained, we must specify G for the possible
set of loop operators. However, for the purpose of the classification, we should not specify
the detail of dynamical matters neither.

Now, let us define the Wilson-"t Hooft loops following [44]. This is defined by inserting
a non-dynamical monopole at first and then adding the Wilson loop on it. At R; x {0}
which is the boundary or the orbit of the charged non-dynamical probe particle, the
gauge symmetry G is (classically) broken to G which is the stabilizer subgroup of B €
AS = A% with the adjoint action. Now, we can introduce a Wilson loop for Gp. In
conclusion, the Wilson-"t Hooft loops are classified by pairs (B, Rg) where Rp is an
irreducible representation of G B-

Notice that different B which are mapped into each other by a Weyl reflection gives
distinct G but G, ~ Gp, for any B; and B; mapped via a Weyl reflection action each
other, that is to say, Jw B; = w™!Byw. This is natural and consistent with the previous

result ((1.2.6) on the boundary condition analysis.
Kapustin also show that the possible pair (B, Rp) is also specified by the set

(A8, x AL /W, (1.2.19)

where the quotient means that there exits a w € W, such that (B, u) ~ (w- B,w - p).
Here we have written the element as (B, p).

Two types of Wilson-’t Hooft loops There are two types of dyonic loop operators.
We define these in N'=4 super Yang-Mills theory in order to make use of the SL(2,7Z)
duality and then extend them to the other CFTs.

One type is parallelizable Wilson-t Hooft loops which can be mapped into Wilson
loops without no magnetic charge in some appropriate duality frames. We call this charge
“pure dyonic charge” and the other one “complex dyonic charge”. For the simplest

example, see fig[1.3]
Quantum definition using path integral

Now that we know the possible boundary conditions, we define the expectation values or
correlators by the path integrals under the boundary condition and with the Wilson loops

5)Be aware taht the ordering of the electric charge and magentic charge depends on the literatures.
We adopt magnetic-electric order because the magnetic charge is first determined in the definion.
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Figure 1.3: Consider the case that the electric and magnetic charges correspond to w; and
wo respectively. We do map the magnetic charge into the highest weight (in the closure
of the fundamental Weyl chamber) using the Weyl action. In this rule, the electric charge
is a weight w; of the fundamental representation and the magnetic charge is the highest
weight of the anti-fundamental representation. There are three choices for the weights
of the electric charge which are exchanged each other under the Weyl action. One is a
weight —w; — we. This can be mapped into the fundamental Wilson loop using sequent
duality transformations ST ~. (left) This becomes a pure charge. The other two w;
and wy — wy are Weyl equivalent even when they are paired into dyonic charge with the
magnetic one wy. (right) This can not be mapped into any purely Wilson loops.

as follows.

(DB (7)) ~ / DADSWp(y)e' ST (1.2.20)

1
ﬂfsg F=B

where @ stands for the other fields. Notice that it is necessary to consider the gauge fixing
terms (ghosts) and the counter terms exactly.

Half-BPS Wilson-"t Hooft loop operator

To have a benefit of the localization techniques, we must have ()-closed operators where
(@ is a nilpotent twisted supercharge. In order to be ()-invariant, it is necessary to modify
the definition because the supersymmetric transformation of A include a gluino. To cancel
the gluino, we have to add the complex scalar in the gauge multiplet. For the Wilson
loops ( [117] for N'=4 for instance),

Wi(y) = Trg {Pexp </ iA,+ - €|dx“|)} (1.2.21)

o

where ¢ are the scalars which is the adjoint representation of G and the vector represen-
tation of R-symmetry and 6 is a constant vector with the same component as the number
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of the adjoint scalars. Note that 6 determine the unbroken algebra. 7
dx*

5 ) €-exp (/ iA, + - 9|dx“|>§1.2.22)
gl

where a runs over 5,6,...,10 for N=4 or 5,6 for N=2. Then we attain the half-BPS
condition for €

S 3 dat a
OWR(y) =Trg |P [ dsA | il,— s +T,0
y

) e=0 (1.2.23)

For the 't Hooft loops, we also require the singular boundary condition of ¢ determined
by the supersymmetric transformation. ( [44] [45]) Notice that we must use the same € for
the half-BPS Wilson loop if considering the half-BPS Wilson-"t Hooft loop. The concrete
form is unnecessary because we do not calculate the expectation values directly using the
localization method or the gauge/gravity setup.

Operator product expansion and ring structure

We comments on the OPE structure briefly. At first we ignore the divergence in the OPE.
By the definition W3 = 1 and Wilson loops form a representation ring of G' whose additive
+ and product - correspond to the direct sum & and the tensor product ® respectively.

(Wr,Wg,) = (Wr,er,) ZN (Wr,) (1.2.24)

for R, ® Ry = ®;N,,'R; (1.2.25)

where N, is the Littlewood-Richardson coefficient.
The same structure is conjectured to be hold true for the 't Hooft loop operators.

( [43])
(TryTry) = (Trysry) ZN (Try) (1.2.26)

for RY @ Rb = ®;Ny'RY (1.2.27)

Therefore the loop/line operators form some algebra.

Note that for N'=2 supersymmetric gauge theories the half-BPS fully time-like loop
operators are topological. There are two given supercharges that annihilates the half-BPS
loop operators and the anticommutator gives the spatial translational generators. [*/| This
says that no divergence appears in the OPE of the half-BPS loop operators.

6In [15], @ is written as ¢ and plays an important role by analytically continuation and the Stokes
phenomena on the plane.

"Rigorously speaking, the line defect operators form a semiring because there should be a (monoid)
homomorphism from the Zx> coefficient group semiring of the charge lattice (as an additive group) to
the semiring of the Hilbert space.

8)Precisely speaking, there is a continuous parameter determining the type of half-BPS loops (= how
to break the SUSY by half) and this is not true for loops with the different types.
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It is natural to ask the following question : what types of dyonic loop operators appear
when two general dyonic operators approach each other ? The satisfactory answer has
not been given and this is the future problem.

It is necessary to note that for space-like loop operators it is followed from the definition
of the 't Hooft operator in operator formalism that

Wr, (ve) Try, (Ym) = exp [27(Ar,, Ary Do - L(Ves V)| Ty, (Vi) W, (V) (1.2.28)

where (A1, A\2)y is the metric defined on the lattice and L(v;,72) is the linking number
of loops v; and 2. This says that the OPE is ill-defined for the Wilson-'t Hooft loop
operators whose charge (Agr,, Arv )g - L(Ve, Vm) € Z. The same relation may be true for
(fully) time-like ones too because it is just the quantization condition itself. @

1.2.4 Abelian duality for loop operators

Are 't Hooft loops dual objects for Wilson loops 7 In the U(1) case, we can check it using
“Abelian S-duality” proposed in [118] in terms of path integral. Assume that there is no
charged matter (the Maxwell theory).

Let us evaluate a Wilson loop W, () = exp {iq / A] . Define the Abelian holomorphic
Y

coupling as 7 := —|— 27” and introduce the dual gauge field B, an auxiliary field G and a
new gauge—invarlant ﬁeld strength F := F — G.

1 _
(Wa(7))r = / DAW,(y)e” Tmi /(7PN =TFNF-)
- /-@A@B@G 6_4%1‘ f(Tﬂ’\ﬂ‘*f*AﬂH%fGAFBquD(FA—G)
— /@B@G e_ﬁ f(TG+AG+—7"G,AG7)+ifG/\(FB_Qﬂ—q[D])

1 V[ B =V I o
_ / DB ¢ 0 Fos Foe—tFo AP0 _ 7 o) (1.2.29)

where Fjy := F — 27¢[D] and 7" := —2. We also omit the volume factor. D is a surface
satisfying C' = 9D and [D] is the Poincaré dual ¢ 2-form of D. In this case for Vp € C,
/. 52 Fp = 2mq ensures that there exists a monopole and a magnetic current through C.

" Since this exchanges the Wilson loop as the order parameter and the 't Hooft loop
as the disorder parameter, this duality is also called “Kramers-Wannier” duality. Notice
that it is possible to consider this duality over general manifolds and with general actions
as formally shown as

/ [2A/Vol] e~ 1144 — / PF §(dF) e 1F / PF e 1IF / 2B/Vol] '/ B

9The linking number is not defined in that case. It is unnecessary.
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= / (2B /Vol] e~1"48] — / PH §(dH) e~ 1] (1.2.30)

where

Ae (M) F=dAeQ (M) BeQ* (M) H=dBeQ""(M) (1.231)

and / [2A/Vol] - - - represents the path integral over the gauge inequivarent configuration.

1.2.5 Duality action on Wilson-"t Hooft loop operators

We see the S-duality action on the loop operators in the non-Abelian gauge group G in
the 4D N'=4 SYM. The full S-duality group SL(2,Z) are generated by S, T" and it is
enough to investigate the action of S, T only. However, in addition, we consider the
charge conjugation C' = S2.

As it is discussed before, the loop operators are classified by the Kapustin’s charge
lattice (up to the simultaneous Weyl action) of the gauge group G. Therefore, each duality
action acts on the charge lattice. For the action to be well-defined, it is necessary to be
compatible with the actions of the Weyl reflection group W;,. In other words,

VwIw wX = Xuw' (1.2.32)
where w, w’ € W,.

Witten effect

Recalling that T' corresponds to the Witten effect, we expect that this shifts the electric
charge by a charge proportional to the magnetic charge as follows:

T:(B,u) — (B,u+ BY) (1.2.33)
and see fig[1.4] for example. See also [119].

Charge conjugation

The charge conjugation is simple. This corresponds to taking the complex conjugation
and for non-Abelian charges

C:(B,p)— (=B, —p) (1.2.34)

and see fig]l.5] for example.

10)The S-duality for non-simply laced is a subgroup of this and is included automatically.
M See [44] for the proof.
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Figure 1.5: The charge conjugation action on (ws,ws)

Montonen-Olive duality

The most interesting action on loop operators is the S-duality map. This is expected to
exchange the electric charge and the magnetic charge but they belong to the different
lattice. Taking S? = C into consideration, we can naturally expect

S:(B,u) — (n¥,—BY) (1.2.35)

and see fig[1.6] for example.
For non-simply-laced case, T" action is modified to

STS : (B, u) — (qu’ — B, —p). (1.2.36)
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Figure 1.6: The S-dual action on (wq,w)
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Chapter 2

Class S description

In this chapter, we review several aspects of the class S theory in terms of codimension two
defects. In particular, we explain the classification of codimension two defects in Sec. [2.2]
the local contributions of the defects to the Coulomb branch and the Higgs branch in
Sec. 2.3 and relevant examples of the class S theory in Sec. [2.4] Since other aspects of the
class S theory are necessary to understand the 4D physics and 4D /2D duality relation in
detail but less important to the later discussions, we review several of them, in particular,
the Seiberg-Witten curve approach, brane constructions in string theory and the dualities
of class S theories in Appendix. [F] We use the following important facts of the class S
theory (observations,conjectures) :

e The choice of a duality frame corresponds to that of a pants decomposition of the
punctured Riemann surface.

e The 4D holomorphic gauge couplings is specified by the complex moduli of punc-
tured Riemann surface (Teichmiiller space).

e The exact dualities in 4D are realized by changing the decompositions and holo-
morphic coordinates on the moduli.

The other results will be introduced when necessary.

For the purpose to derive the necessary results for later, we explain the background
story (relations to the M-theory and 6D SCFTs viewpoint) of Sec. 2.1} The following
overview is summarized in Fig[2.I] to some extent. In the gravity decoupling limit, the
effective theories of the spatially coincident M5-branes are expected to be non-trivial
SCFTs called type A (g = su) 6D N'=(2,0) SCFT. On M5-branes, there lives a self-dual
2-form gauge field. Since the proper Lagrangians of self-dual forms are unknown yet, these
theories are sometimes referred to as non-Lagrangian theories. However, these theories
satisfy several properties following the string properties. One of the important properties
is that, after the S! compactification, these theories flow to 5D maximally supersymmetric
Yang-Mills (MSYM) theories in the IR. On the string theory side, this corresponds to the
fact that the S* reduction of M5-branes lead to D4-branes.
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The 6D AN'=(2,0) superconformal algebra (SCA) indicates the existence of the two
types of defects : codimension two and codimension four defects. In terms of M-theory
( the 11D supersymmetry algebra ), this corresponds to the existence of BPS M2-branes
and Mb-branes. On the S compactification, there are two ways to reduce each codimen-
sion two and four defects and, at first, we focus on the cases that these defects extend
along the reduced S! direction at first. This reduction helps us find the classification of
defects of 6D N'=(2,0) SCFTs once we assume that there is some one-to-one correspon-
dence between the UV defects and IR ones. For the codimension four defects, they are
loop operators coupled to the gauge field in 5D and they are expected to be Wilson loops.
This fact suggests that the codimension four defects may be labelled by the irreducible
representations of the Lie algebra type su of 6D A'=(2,0) SCFTs. [V| This can be under-
stood in terms of the string theory. Because M2-branes reduce to Fl-strings and their
end points look electrically charged particles, namely, Wilson loops. Correspondingly,
the two-form gauge field B reduces to one-form gauge field A. On the other hand, the
codimension two defects become vortex like defects. This means that the classification of
the codimension two defects is equivalent to the analysis of some BPS solutions with a
specified monodromy. This BPS equation is called Hitchin equation as we will discuss in
Sec. 2.2

Next, let us consider the other type of the reduction in which the defects are localize
d at S'-direction. In this case, the codimension four defects become surface defects in
5D which are expected to be non-dynamical monopole strings and the codimension two
defects become domain walls or boundaries of the 5D theories. Therefore, the classification
of the codimension two defects is replaced by that of the half-BPS boundary conditions of
5D MSYM whose BPS equation is called Nahm equation. We will see this analysis later
in Sec. 2.2

In both systems, we can characterize the codimension two defects by the classification
of the half-BPS (codimension two and one) boundary conditions. This analysis is reviewed
in Sec. [2.2] The stringy approach is reviewed in Appendix[F.3|

Keep in mind that, in this chapter, all the general punctures on the punctured Riemann
surface correspond to the codimension two defects extending along the whole directions
of 4D but that there are cases that the codimension four defects are some of punctures
and extend along two directions in 4D in later chapters. See also 4.3

Now, let us unify the above story and 4D N'=2 theories called class S theories. Several
4D N'=2 superconformal field theories can be obtained by the compactification of 6D
N'=(2,0) SCFTs on some punctured Riemann surfaces C'. For this purpose, let us further
compactify the 4D theory into the 3D N'=4 theory in the IR. This analysis was done
in [122], for example. This relates the moduli spaces of 4D theories with those of 3D
theories. Concretely speaking, each 3D Coulomb branch is the torus fibration of the
corresponding 4D Coulomb branch and its dimension is doubled. Therefore, if we know

DStrictly speaking, we use the fact that the reduction without any twist leads to the gauge symmetry
G which is a compact Lie group of g. In this thesis, we focus on g = su(N) = Ay_1 case with trivial
outermorphism, namely, no twisted punctures [120[121]. In string theory language, this corresponds to
the absence of orientifolds.
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the dimensions of moduli spaces in 3D, we can also compute those of both 4D branches.
On the other hand, each 3D Higgs branch is equivalent to the corresponding 4D Higgs
branch. However, in general, this 3D theory is some non-Lagrangian theory because
the original 4D theory is so and this does not help us analyse the 4D theories.

Next, let us exchange the order of compactifications, namely, S! at first and then on
C. In this operation, we have the 5D MSYM at first and we can apply the above story.
Further compactification on C' gives a 3D theory which is expected to be the mirror
theory [123] to the above 3D theory as explained in Sec. . Here, a nice thing happens.
Since the 5D MSYM has a Lagrangian description, the reduced theory to 3D is expected
to have some Lagrangian description too [124]. In turn, this can help us search several
properties of the original non-Lagrangian 3D theory via the 3D mirror symmetry.

Sl6d N=(2,0) SCFT codlm 2 (vortex) : C,
TSN / S\,
5d N=2 SYM C  5d N=2SYM_, boundary Cp vortex : Cp
N \S %
r I\ \
4d N=2 SCFT C\ 4d N=2 SCFT filling C,\ boundary

s v i\ v/

3d N=4 SCFT «—— 3d N=4 SCFT ﬁllin% «—— filling

3D mirror D mirror

Figure 2.1: The 6D N'=(2,0) SCFT and its descendant theories at each dimension. Here
we approximate the Riemann surface C' as S' x I' where I is the trivalent graph according
to the given pants decomposition of C. That is the meaning of the gauge theory on the
graph T.

2.1 5D Super Yang-Mills viewpoint

This section is mainly based on [159495//124/[125]. The starting set-up is the 6D N'=(2,0)
SCFT on R?® x S}, x C where C' is punctured Riemann surface and R is the radius of S},.
Instead of considering the punctured Riemann surface C', we locally analyse the physics
near one of punctures.

To this end, let us consider the open patch around the given puncture p as a cigar
geometry, which is a S!'-fibration over a half-open line. Hereafter we write this open

2)In the former case, the real scalar coming from the compactified component the 4D gauge field and
its dual photon form the torus at the generic point of the 4D Coulomb branch. In the latter case, this
holds true because of the hyperKahler structure to prevent the moduli from the quantum corrections.
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region near the puncture as S; X R>¢ where x is not the direct product in the rigorous
sense. Notice that p is the typical scale of tubes of C.

Now, we have a 2-torus fibration over R>, and consider the torus compactification of
the 6D N'=(2,0) SCFT. The low-energy effective theory at generic bulk point locally is
well-known to be the 4D maximally super Yang-Mills (MSYM). However, upon the order
of compactifications, the effective Lagrangians looks different although they describe the
same physics. This phenomenon is called S-duality originally found in [21]. See Fig
In the following, we take a look at this in the presence of the boundary at 0 € R.

6d AN'=(2,0) SCFT

7 N

5AN=2SYM 5d N'=2 SYM
w/ vortex (Hitchin) w/ boundary (Nahm)
Sk |55
4d N=4 SYM 4d N=4 SYM

w/ boundary m w/ boundary

Figure 2.2: The S-duality of the 4D MSYM from the exchange of the order on the torus
compactification of the 6D N'=(2,0) SCFT. We can rephrase this change as the SL(2,7Z)
modular transformation or the mapping class group of the 2-torus in the geometrical
language. Notice also that this slightly differs from the situation in Fig. .

Before analysing the reductions, we refer to the multiplet of the 6D N'=(2,0) SCFT. It
consists of the self-dual 2-form B, two symplectic Majorana fermions and five real scalars
which correspond to the NG modes for the translation symmetry of transverse directions
to Mb5-branes. ¢ denotes the complex scalar for the fiber direction in 7*C' and x does
three scalars for the other transverse directions along R3.

Sk reduction

When the S} is reduced at first, we have 5D MSYM with gauge group G; = SU(N )
defined on R? x S! x Rs.

Let us look at bulk physics at first. Classically, the gauge coupling ¢* is proportional
to the radius gZ;, ~ R.[Y| Further reduction on S; of this theory gives the 4D A'=4 Super

3)Here, we do not pay attention to the topological stcture, that is to say, do not distinguish between
SU(N) and PSU(N) = SU(N)/Z for example. See also a recent reference |115] on this point.

Y The rough derivation is following. When the M-theory is reduced into the type IIA string theory, the

string coupling g, is proportional to its radius because DO-branes with tension ~ gs%s are identified with

1
the KK momentum i Then, we use the relation between the D4-brane tension and the string coupling

like Tpp ~ %gs where /£, is the string scale. Notice that the classical Yang-Mills coupling appears in the

overall factor of the DBI action as . See [126] for these facts.

P
9p+1)DYM
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Yang-Mills (SYM) with SU(N) and the gauge coupling is given as

R
gZD,(l) ~ ; (2.1.1)

On approaching to the boundary, this coupling becomes stronger because p — 0. We
explain what happens at the boundary in this framework later.

Next, to see the global structure of C', consider the direct compactification from the 5D
SYM theory over C x R? to 3D N =4 theories living on R?. In order to keep the half of the
supersymmetry, we must consider the 3d Poincaré invariant vacuum, namely, translational
invariant BPS configuration. In other words, we have the self-dual Yang-Mills equation
reduced on C as the BPS equation, which is known as the Hitchin equation [127]. This
is the equation for (Ac, ¢, @).

In the string set-up, ¢ and ¢ correspond to the NG modes along the fiber direction
( or Seiberg-Witten 1-form differential ) and they parametrize the Coulomb branch in
the 4D theory. Therefore, the Coulomb branch is described by the moduli space of the
Hitchin equation.

In summary,

MSD Coulomb =— MHitchin (212)

dime Bap coutomb = 2 dime M3p coutomb = dimpg Msp Coulomb

where Bip coulomb, M3D cCoulomb and Miitenin are the 4D Coulomb branch, the 3D
Coulomb branch and the Hitchin moduli space respectively.

S; reduction

Let us repeat the above story by exchanging the reduction order. We have 5D MSYM
with Gy defined on R? x S} x Rsq with g2y ~ p. The sequent reduction with S} gives
4D N'=4 SYM with the gauge coupling

)
QZD,(z) ~ R (2.1.4)
By comparing this to (2.1.1]), we get a relation
1
gin2) ~ 5 (2.1.5)
91p,(1)

which suggests the two bulk 4D N'=4 SYM are S-dual [21] (See [22] as for the derivation
without punctures). In contrast to the former case, at the boundary, the theory is weakly
coupled.

To analyse the boundary condition, go back to the brane construction. As explained
in Appendix. , any regular puncture comes from some D4-D6 brane system. The

5)Of course, NS5-branes exist but they are identified with simple punctures in the weak coupling.
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;OD)Q%

% ( we focus on the closed string sector, namely, the gravity sector although we see

M-theory on S} x Sg, reduces to the effective 9D string theory with (¢27)* ~ (g

Y

the brane action in the former case) and M5-branes and the codimension two defect
(puncture) reduce to D4-branes and D6-branes, respectively. Both D-branes wind Sk-
direction. Using T-duality, we have type IIB realization of this 9D string theory, namely,

type IIB string theory with S, /R and gloP ~ g0 Lo ~ % Now, D4- and D6-branes

s RL/Z
are realized as D3- and Db-branes, respectively. In this set-up, the boundary condition
for D5-branes, namely, Dirichlet-type boundary condition appears and they were studied
in [94]. There, it turned out that the moduli of the supersymmetric vacua in 4D N'=4
SYM in the presence of this boundary is described by the Nahm equations. They are
equations for y which correspond to the NG modes in the R3 directions in the original
M-theory. This is dictated by the Higgs branch in the 4D theory. Since there are some five
branes in each picture, it is expected that there exists some flavor symmetry associated
with each codimension two defect, namely, the boundary or the puncture.

Recalling that the former system is S-dual of this system (indeed, the gauge coupling
relation is reproduced here), the former strongly coupled boundary is realized as D3-NS5
systems or Hanany-Witten systems [19]. In other words, there lives the degrees of freedom
at the boundary. This is the story of [95], which claims the S-duality map the Dirichlet
boundary to the boundary with some 3D theory on it. The 4D N =4 S-duality is identified
with the type IIB string S-duality and it also acts on the five-three brane systems as 3D
mirror symmetry [19,/123]. After the total reduction of C' x Sy to 3D, the former theory
is expected to be a 3D N'=4 non-Lagrangian theory and the latter becomes collections
of 3D theories living at the 4D boundary in each local analysis. Indeed, in [124], they
claim that all the 3D theory are SU(N) diagonally gauged since each has SU(N) flavor
symmetry. Notice also that this exchanges the Coulomb branch and the Higgs branch,
namely, the moduli of Hitchin systems and that of Nahm systems.

In summary,

M?)D Higgs — MNahm (216)

dimp Mup Higes = dimu Mip Higgs

where Mup mHiggs, Ma3D Higes and Myanm are the 4D Higgs branch, the 3D Higgs
branch and the Nahm moduli space respectively.

2D topological ¢-deformed Yang-Mills from 5D SYM

We make brief comments on the appearance of 2D ¢-deformed Yang-Mills theory in terms
of 5D SYM. Historically, it appeared in [74] where they studied the theory living on the
topological D4-branes on a line bundle in a two line bundle over C'. Since the effective
theory of D4-branes is the 5D MSYM, they reduce them to the 2D topological ¢-deformed
Yang-Mills with chemical potentials (D2 and DO0-branes inclusion effects) after some topo-
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logical twist.
The direct derivation from the Lagrangian based on the localization technique is dis-
cussed in [128[129]. [F]

Codimension four defects

In this section, we discuss the Abelian free 6D N'=(2,0) theory which is the effective
theory of a single M5-brane. Let 2° and 6 be the coordinates of S and S} respectively.
Now, the 5D U(1) gauge field has both components denoted by

A~ RByy AV ~ pByg (2.1.8)

where only the zero modes of By are considered. This relation implies that two holonomies
along the circles coincide:
mmw_f
S

1

In other words, classically, if the B field is a constant two-form along S; x Sy directions,
this says that the holonomy around punctures on C' and the holonomy around S} coincide
up to sign.

In terms of 6D viewpoint, the (BPS) codimension four operators in 6D N'=(2,0) SCFT
which are surface operators coupled to the B-field may be described by two different ways
: the Wilson loops around punctures on C' or the Wilson loops winding Sf.

If we go to the 4D /2D duality relations as discussed in Sec. [4] this naive expectation
is translated into the conjecture of equivalence between the partition function with a 4D
Wilson loop in a representation R associated with a flavor symmetry F' at a puncture p
and the partition function with a 2D Wilson loop in the same R encircling the puncture
p. This conjecture is the essential start point of our analysis later.

AW ~ RpByy ~ / B. (2.1.9)

1 1 1 1
P R SpXxSp

2.2 Codimension two defects

We see that the some new BPS equations appear when codimension two defects are
inserted. The sequent task is the analysis of this moduli space and their classifications. See
also the Seiberg-Witten curves and type ITA string approach reviewed in Appendix. [F| The
physics references on these moduli spaces are [45] and [50,/51] for the Hicthin system, [94]
for the Nahm system and [131] for its relations to the spectral curves and so on. Keep in
mind that g is real simple Lie algebra, in particular, su(N) in this section.

61In [130], the (4D N'=1) SCIs was realized as partition functions on the primary Hopf surface where p, ¢
are complex moduli. The fugacity of a flavor symmetry is realized as holomorphic line bundle structure.
'The normalizations, that is to say, fsl dz® and fsl df are not fixed here because we ignore the

R P

constant ambiguity.
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Hitchin system

The Hitchin equation [127] naturally appears when the 4D instanton equation (or the BPS
equation called Kapustin-Witten equation [45]) is reduced into 2D and can be defined on
Riemann surfaces C. In particular, punctures play a role of the boundary condition of
fields [132)].

Let A and ¢ be a gauge field (connection) on C' and a holomorphic 1-form field valued
in g, i.e. the adjoint representation. Mathematically speaking, ¢ € Ko ®r Ad(g) where
K¢ is the canonical complex line bundle over C. The Hitchin equation without any
punctures, or some singular boundary conditions, is given as

Qo :=F —[p,pldzNdz=0
Q4 = —Dydz = (0p + [As,¢]) dz Ndz =0 (2.2.1)
Q_:=Dgdz = (0p + [A.,@])dzNdz =0

or, equivalently,

F=dA+ANA=0 F:=dA+ANA=0 (2.2.2)
where the relation between two is given as

A=A+ipdz +ipdz A=A+ odz — @dz. (2.2.3)

The second equation is the flatness condition for the complexified gauge connection
but the gauge transformation is not complexified at this stage. However, notice that this
condition is invariant under the complex valued gauge transformations.

Nahm system

The Nahm equation is introduced to construct monopoles satisfying the Bogomol'nyi
equation [133]. In terms of branes, this equation appears in the D(p+2) of D(p+2)-Dp-
branes systems. For the Dp-brane, this is exactly the equation for the boundary condition.
As performed in [94], this also naturally appears in the analysis of half-BPS boundary
conditions in 4D N'=4 SYM without the string theory.

Let T, = T,(s) (a = 1,2,3) and A be real scalars valued in g and gauge field defined
on s € R>g. The Nahm equation is given as

DT,
"~ Ds

Oy : Y ewyT.=0 for a=1,23 (2.2.4)

b,c=1,2,3

where €4 is the antisymmetric tensor with €193 = 1 or the structure constant of su(2)

D
and — = — — Ad4. We will analyze the solutions later.
Ds ds

There is an equivalent equation by introducing the complex fields A = A + iT5 and
XIT1+ZT2 (A:A—ZTg andX:Tl —iTQ),

dX
S
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Qi di (A—A) + [AA + [X, T =0.

and _ := (€2,)*. Notice that this equation is invariant under the complexified gauge
transformation. In addition, the gauge transformation at the boundary is the large gauge
transformation and we fix the value there to be the identity element, namely, g(0) = e (the
identity element). We also require X'(00) is regular, namely, the commutant Zg. (X (00))
is the maximal torus T¢. Any non-regular element is defined as the limit of some regular
element to keep the moduli space smooth. Indeed, the set of the regular elements are
dense and the unbroken gauge symmetry become larger on top of it discontinuously.

HyperKahler construction

Here, our aim is to know the moduli space or solutions of equations ([2.2.4)) and ({2.2.1))
and they have a hyperKéahler quotient construction. Although we focus on the Hitchin
system here, its application to the Nahm system is straightforward. The moment map is
given as

ta(bc; A, ) ~ / Tr[06Q.] for a=+,0,— (2.2.6)
c

where 05 is an element of the Lie algebra of the gauge transformation group G =
Map(C — G). When W denotes the infinite dimensional space of the possible field
configuration (A, ¢), i = (o, R(u+) = R(u-), S(py) = = (u—)) is the function over W
valued on (Lie(G))* ® R where * means the dual operation as vector spaces. [)| Since G
naturally acts on W, we can formally define the quotient of VW by G identified with the
Hitchin moduli space Myjenin =~ W/G. This is just infinite dimensional extension of the
ordinary hyperKahler quotient construction.

Precisely speaking, the moduli space also depends on the boundary conditions at
infinity but we ignore it here because they depends on the global gluing conditions.

As discussed in [134], we have the following equivalence :

W//)G =i (0)/G ~ (W N ug'(0))//G = e (0)/G ~ uc'(0)/Ge (2.2.7)
hyperKahler quotient sympelctic quotient

where pgr := o, pic = po and Ge is the complexified gauge transformation group. Here
the complex “gauge group” shows up. The benefit of this equality is the reduction of
three equations to one simple equation written by the action of the covariant derivative.
Later, we see this relevance.

Finally, let us remark the effects of some boundary conditions [15,132]. The addition
of some d(zp)-like singularity to the holomorphic scalar field over C' is equivalent to the
addition of Try [0p(] to pc where Op is the chosen generator at the puncture and ¢ € gc¢
is determined by the boundary condition.

®To define the dual vector space, we need an inner product and it is defined by (61,62) = % [, Trg [6162]
where the overall sign + depends on the convention but is chosen such that the inner product is positive
definite.
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2.2.1 Moduli space of Hitchin equation with Hitchin pole
From Hitchin to Nahm on boundary conditions

As remarked in Sec. [2.1] the Hitchin system can describe the codimension two defect and
the Nahm system can describe the codimension one defect in 5D MSYM. However, their
6D origin is the same, that is to say, both come from the codimension two defects in the
6D N'=(2,0) SCFT. How are these two systems related ? The answer is simple. At the
neighbourhood around the codimension two boundary, the reduction along the angular
direction in the Hitchin system gives the Nahm system as expected.

The boundary condition for which such a relation exists is called the regular singularity.
Before defining it, notice that the Hitchin equation (2.2.1]), after gauging away the A,
claims that ¢ is holomorphic in the 2z coordinate. This assures the axial symmetric
behaviour with the following form

A~ a(r)dd = % (% — %) (2.2.8)
odz ~ Wdz (2.2.9)

where z = re? the A, component has been gauged away.
Now, for the boundary condition, the Hitchin equations (£2.2.1]) are equivalent to the

Nahm equations ([2.2.4)

da de db
= = (o) =[] (22.10)
where s := —logr. The elimination of the gauge connection in the covariant derivative

corresponds to that of A,.

Semi-simple type

At least, there are two types of conditions. One is given by any triple of commuting
elements in g. Since we can put each triple into the same Cartan subalgebra and, fur-
thermore, we can identify different a’s related by the large gauge transformations around
the singularity, they are labelled by (T x b x h)/W = (h x h x §)/Wag [50] where the
corresponding Lie group is simply-laced.

Nilpotent type
The conditions of the other type are labelled by the embedding homomorphism p :

su(2) — g. Using ¢; := —%p(0;) where o; are the Pauli matrices,
t2 i3 131
a(r) = — b(r) = — c(r) = — 2.2.11
(r) s+1/f (r) s+1/f (r) s+1/f ( )
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where f € R>(. Notice that this solution is valid for 0 < r < e/f and we should modify
the solutions for large r.

The classification of the embedding of su(2) — g = su(V) is equivalent to the decom-
position ways of the su(N) define representation N into the irreducible representations
of su(2). In other words, they are classified by the partition of N. In particular, for the
partition [ny,ng,...,ng] = {s1,s2,...,,} where the sequent n and s is related as the
transposition of the Young diagram (See @[), we can assign the Jordan block

d components

01 0 0\
00 1 - 0
J{Sl,Sg,...,sr} = Jsl o, JSQ b--- D JST Jg = o ’ (2.2.12)
: 0
00 - 0 0

because the restriction of p(o*) on the representation vector space of s; is expressed by
Jisiy-

Once we have the boundary behaviours of the Nahm equation, we can go back to the
Hitchin system. The complexified connection is

Ist. type : & for £ :=a —1y € hc

e a) — i) e 2.2.13
o=alr) —ielr) =394, type s+11/f for t+ = t, + ity = —ip(o+) -

and the related monodromy is

Up :=U(Tg) := Pexp (— ]é A) (2.2.14)

where I'p := {Re” | § € [0,27)}. Since the gauge connection A is valued in gc, this
monodromy for fixed s is an element of G¢ and the gauge transformation is complexified.

The flatness condition says that the conjugacy class of this monodromy de-
pends only on the homotopy class of the loop I'g and then is independent of R. The
first type is clearly independent of R. For the second type, the independence is a bit
non-trivial. In this case, the monodromy is given as

: tt
Ur = exp (—27?2_ Toa () + 1/f) (2.2.15)

and it is enough to show that the conjugacy class of At* is independent of A, in other
words, there exists Vi € Gg¢ such that V,”'(AtT)Vy = t* for any A € C*. Indeed,
Vi = exp [—1log(M)p(c?®)] € Gc is such a solution. Now we can directly see that the
conjugacy class is independent of R for fixed p.

In mathematical terminology, the first type is labelled by the semi-simple orbit and
the latter is by the nilpotent orbit. Indeed, it is known that the nilpotent orbit is classified
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by the above embedding p in Hom™ (s[(2), gc)/Adg,. where Adg,. represents the conjugacy

action. See [135] and Appendix[D]on these subjects.

Notice that, as f — oo, the boundary condition approaches to the trivial one and
this implies the moduli is the form of a cone. Indeed, the closure of the nilpotent orbit is

known to be the hyperKéhler cone [136].

HyperKahler quotient

Consider a new complex coordinate w := log(z). In this coordinate,

a—1ic

A= 21

(dw — dw) + ;—é(dw + dw)
)
where we used

Let us consider the second-type solution case

_ t _ t _ t
a__erf/f b__erll/f C__s+12/f'

Notice that, when p is of [1V]-type, they have the following matrix form

(=i (5 ~0)dw (= iVl s

2

Using a different basis of SU(2)g from the previous one, we have

it tt
s (dw — dw) pdz = ——dw

A:—f
W+ w—+ K

w+w+tk
where k := —2/f.

Now, let us consider the trivialization by using the gauge transformation

3

U:=U(w o) =u"

w+w+kK .
where © := —— . Notice that
w
pis of [1N]-type : U = diag(u%_l,u%_Q, . ,ul_%, u_%).
The covariant derivative D, = J, + A is transformed into

D =UD,U ' =73,
ttdw

oY = UpdzU™ = updz =
w
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(63
wtw+k"

In the w coordinate and after this gauge transformation, A is locally trivialized and ¢
has a simple pole at the origin whose residue is a nilpotent. By using the mathematical
argument in and the fact that mass deformations correspond to a semi-simple element
in the residue, we can expect that the possible mass deformation is restricted. If we have
a nilpotent orbit specified by Y = [n] = {s}, the corresponding semi-simple orbit has the
orbit of diag(my, ... LI, M2, T, M ,my) with Zle n;m; = 0. Therefore, we

because u~ %0, u® =

~~ ~~
ni n2 U3

can read off the associated flavor symmetry as S([[, U(f.)) where f, is the number of
the appearance of a in [n].

It is expected that the degree of freedom at puncture is given by the choice of the
nilpotent orbit, namely, O, ,. Its complex dimension is given by

k

N = nl. (2.2.24)

i=1

There are two special punctures. One is specified by [1V] = {N} called full or maximal.
In this case, we have N — 1 independent mass parameters and SU(N) flavor symmetry.
The other is specified by [N —1,1] = {2, 1¥72} called simple or minimal. In this case, we
have only one independent mass parameter and U(1) flavor symmetry.

2.2.2 Moduli space of Nahm equation with Nahm pole

At first, let us consider the case A is non-singular at s = 0. By using the complexified

d
941 = 0. The degree

gauge transformation with ¢g(0) = e, we can set A9 = gAg~! + %g

of freedom of A is encoded in the Wilson line

g(o0) = exp [—/R .A] (2.2.25)

modulo by the complexified gauge transformation at infinity Tc. X9(s) = gX(s)g™*
after the gauge transformation satisfies the complex Nahm equation Qt = 0 with A =

g
= 0 and AXY(s) is constant : X9(s) = X9(0) = X(0) = X9(c0) =
g(00)X (00)g(00)™t. In other words, if we fix g(oo), X is also fixed. Conversely, if we fix
X(0), g(oo) is determined up to Tc.

Using the discussion in Sec. [D.I] when X, is a regular semi-simple element, the left
moduli is given by

0, namely,

Ox(oe) ~ G/ Te. (2.2.26)

9Such a g is unique : g(s) = exp [— Is Al
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In the limit X(co0) — 0, this approaches to the nilpotent cone N as discussed in
Appendix. This corresponds to the Higgs branch associated to the full puncture
([1V] type) in the Hitchin system.

Now, we come to the solutions with the following singular boundary condition called
Nahm pole.

t+ its

X — — A— — as s — 0 (2.2.27)
s s

In this case, we cannot completely gauge away the singularity of A at the boundary but

it
can fix A = —. Notice that there are left some gauge transformation to preserve this
s

t+
gauge fixing. The problem is to solve the equation (2.2.5)). Let us perturb X around —,

s
tt
namely, 0X = X — — satisfies the condition that JX'(0) is finite. Then, 60X obeys
s
d5X its, 0 X (2.2.28)
—O0X =1 2.
ds 3
and, by using the basis of the parabolic subalgebra of g¢
p={X. € g | [its, Xo] = maXa, ma >0}, (2.2.29)
we can expand 0X as
0X(s) = Y caXas™. (2.2.30)

a€Basis(p)

In particular, the left gauge transformation can gauge away the zero modes, namely, the
components generated by the commutant of it3 which is the Cartan part. Finally, 60X is
generated by the basis of this unipotent radical of the parabolic subgroup.

The set of Lie algebra element t*+®,C X, in the nilpotent cone is called Slodowy slice
mathematically, and, the 0.X is labelled by this slice. It is known that this is transverse
to O+ at tT. The Nahm moduli space is given this and its complex dimension is given
by

dimg N — dimg Opr = ) 52— N. (2.2.31)

To see the relations to the classification in Hitchin system, we need the mirror sym-
metry analysis but, intuitively speaking, the S-duality acts on transposed operation on
the Young diagram representation as seen in [F.3.1] Therefore, the embedding py ap-
pearing in the Hitchin system and that py in this Nahm system differ but related by the
transposition.
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2.3 Branch dimension analysis

Now, we know the moduli space coming from each puncture locally. They are indepen-
dent and there is an internal moduli coming from the degree of freedom after we fix the
boundary conditions at punctures.

We expect that the dimensions of the 4D Coulomb branch and the 4D Higgs branch
are given by the following formula

. . 1 .
dlm(C BCoulomb == Z dlm(C BCoulomb<YA> - §XC dlmR g (231)
A
dimy Migiges = » _ dimy Myiges(Ya) + 1kg (2.3.2)
A

where x¢ is the Euler number of the Riemann surface ignoring the punctures. Keep in
mind that the analysis up to now are locally and do not give any global information.

Higgs branch

The degree of freedom not from punctures is given by rkg. If we have two full punctures,
there is SU(N) x SU(N) symmetry and can be diagonally gauged. Since there is the
moduli equivalent to the nilpotent cone N at each full puncture, after the quotient of
the gauge transformation, the difference of the complex dimension of the moduli between
before and after the gauging operation is given by

dlm(c./\/-g — dlm(c G(C = —I‘kg. (233)

This suggests that the internal degree of freedom is independent of the genus of C.
Now, comparing the results in the Lagrangian case, we see that this degree is given by
tkg =N — 1.

Coulomb branch

For the 4D Coulomb branch, we use the fact that the 3D Coulomb branch is the Hitchin
fibration over the 4D branch and is expected to be the moduli space of Hitchin equation
(2.2.1)).

dim¢ BCoulomb( [ ] = {S}) dimyg M3p Coulomb( [ ] = {S}) =3 dlmc Omy
(2.3.4)
Since the Hitchin equation is equivalent to the flat condition for the complex connec-
tion,

g

MCoulomb ~ Map(W1<C), G(C) ~ <Uoc,ia Uﬁ,i | H[Ua,ia Uﬁ,l] = chc)/ ~~Conjugate (235)

i=1
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where U, /g, is the G¢ holonomy around the i-th o/3 cycle and eg,. is the identity el-
ement. ~conjugate 1 the common conjugate action of G¢ to all holonomies. Therefore,
the dimension of the Hitchin moduli without any punctures is given by 2¢gdim¢ Ge —
dim(c G(C — dlm(c G(C = —XcC dlmR g.

When g = su(N), the above local contributions to each dimension are given as

dY, == dimg¢ Beowom(Y = [n] = {s}) = <N2 Zn) (2.3.6)

dyy = dimyg Myiges (Y = [n] = {s}) = (Zs — ) (2.3.7)

However, the 4D Coulomb branch has more information about the scaling dimension of
the Coulomb branch operators. This approach cannot derive the result about the number
of the Coulomb branch operators at each scaling dimension. We quote (F.3.18) in

Appendix. [F.3] That is

Ao =pr =k—Hy=k-min{a| Y s, >k} for k=273,... N (2.3.8)
b=1
where Y = {s} and see Appendix. as for the definition of Hy. Indeed, the sum over
k=2,3,..., N reproduces the above result

N
1 1 &
| G — _gY
> dyy = SNV +1) = Y Hy= SN(N + Z Y i=d (2.3.9)
k=2 k=1 i=1 j=1
where we use df;;,_; = 0 and ([D.0.10).
By quoting the result in Appendix. again, we find that the Coulomb branch of the
theory is given by

dime BE) o = Z b, — (2k — 1) (2.3.10)

for k=2,3,...,N.

2.4 Examples of class S theories

In this section, we introduce three kinds of non-gauge theory examples : Tx-theory,
the free hypermultiplets and rank 1 SCFTs. All are obtained by some three punctured

spheres.

10)We asuume that all the scaling dimensions are integer. This assumption is true for all the class S
theories with regular punctures. The counterexamples are Argyres-Douglas theories, for instance, but
they are constructed with irregular singularities (fractional power singularities).

1) Although, in [121,/137], they studied SCFTs from the three punctured spheres allowing the formal
irregular punctures and twisted ones and classified them up to g = A4, we restrict ourselves to cases with
only untwisted regular singularities but for general A-type.
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In this thesis,

T i [C (Y1, Ya, .., V)] (2.4.1)
denotes the resulting 4D A'=2 theory in the IR after the compactification on the punctured
Riemann surface C' with punctures whose types are specified by Y1,Y5,...,Y,.

In the first subsection of the Ty-theory, we also explain the two important procedures
in the class S theory : “gauging” and “partially closing/Higgsing”.

2.4.1 Ty-theory

First class is the parent theory in the sense that other theories are obtained by two
operations called gauging (gluing) and partially closing (Higgsing). See Appendix. [F.4.1]
as for the construction from the Lagrangian theories.

The T-theory is the 4D A'=2 theory specified by

TeO(N), 1], M) (2:4.2)

namely a sphere with three full punctures.
By applying the previous formula ([2.3.2)), the dimensions of each branch are given by

1
dimgg Mysiges = 5 (3N +2)(N — 1) (2.4.3)
dime BY =k —2 (2.4.4)

In the simplest case N = 2, there is no Coulomb branch and the quaternionic dimen-
sion of the Higgs branch is 4. We have three SU(2)-symmetry. This theory is expected
as 4 free hypermultiplets Q. in the representation 24 ® 25 ® 2¢. Then, this theory is
also referred to as the tri-fundamental hypermultiplet.

N = 3 is the next simplest case. In this case, there is a one dimensional Coulomb
branch whose scaling dimension is three and the Higgs branch is eleven dimensional. The
important point is that this theory has no gauge multiplet or holomorphic gauge coupling
and is not a gauge theory although it has a non-trivial Coulomb branch. Since we do
not know such a theory described by Lagrangian yet up to now, this theory is sometimes
called no Lagrangian theory.

Gauging

First of all, we use the relation between the one-loop [ function of holomorphic gauge
couplings and central charge of the gauge symmetry currents [139]. he coefficient of

12)In the IR after relevant deformations or moving to a generic point at the brnach, this theory has

an effective Lagrangian of one U(1) vector multiplet as usual. It was also proposed that an UV N=1
Lagrangian theory flows to this theory with the supersymmetry and the R-symmetry enhancement [138].

13)The flavor central charge k3P which is the normalization of the OPE of currents or the two point corre-
lation functions of flavor currents associated with . We count the contribution of the half-hypermultiplet
(one 4D N'=1 chiral multiplet) in the representation R as T(R) (T'(0) = 1. See Appendix. [A.1)). This
is the same notation used in [140] for instance. In the trace anomaly, kr appears as the coeflicient of
quadratic term of the field strength [141].
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the one-loop f function is proportional to sum of all the flavor central charges of matters
and the vector multiplet. The contribution of vector multiplet is —4h".

Let us remark the computation of kr associated to each puncture with a flavor sym-
metry F. For that purpose, we use the results reviewed in Appendix. [F.3] Recall
that, for the regular puncture specified by [n] = {s}, the flavor symmetry is given by
kS’(l_[Z:l;da>0 U(d,)) where d, = S, — Sa+1. Each flavor symmetry U(d,) acts on the
d, fundamental hypermultiplets of SU(k,) as the d,-dimensional representation where

ka = Z Sp.
b=1

Now, we know kgy(ny = 2N for SU(N) symmetry associated to the full puncture.
The S-function for holomorphic gauge coupling vanishes when two SU(N) symmetry
associated with two full punctures are identified and gauged.

On the other hand, when we have a four fully-punctured sphere, in a degeneration limit
associated to a pants decomposition (= choice of one-cycle in this case), they decompose
into two different spheres with three full punctures one of which is new and weakly gauged.
We represent this as

o[04, 15, [WM]e: [1M]p)] = T[C (1] 4, (1Y) 5, [1V] )] i o101, [1V]e: [1V]D)]
(2.4.5)

and see Fig. [2.3]

Figure 2.3: The sphere with four full punctures is decomposed into two sphere with three
full punctures at the weak coupling limit in a duality frame.

The other decomposition corresponds to the weak coupling limit in other duality frame.
To[O([M]a, [1M5: [1Y]e: [1V]p)] = T [C([17] 4, (1], [1V] )] soin To[C([1] . [1M]a, [17]0)]
F
(2.4.6)

Higgsing / Partially closing

Although we discuss the Nahm system, we translate it into the 4D language [142].

If we have global SU(N) symmetry in 4D N'=2 SCFTs, there are BPS primary op-
erators in the same supermultiplet as the flavor current belongs to. They are the triplet
of SU(2)g R-symmetry and the adjoint representation of SU(N) global symmetry. By
giving a nilpotent VEV to the highest weight of those operators at UV point, we have
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another SCFTs in the IR. This is called partially Higgsing/closure operation [125,/142].
The nilpotent orbit of SL(N,C) can be always uniquely mapped to the Jordan normal
forms Jy = @,;J,, whose all eigenvalues vanish and they are classified by the partition
Y = [ny,ng,...,n4 of N. Now that SU(2)r x SU(N) global symmetry is spontaneously
broken into a subgroup U(1) x Gy. In particular, this U(1) is generated by

1
D=1, ®1—-1® ép?;/ (2.4.7)

where py is the unique embedding homomorphism from su(2) into su(/N) satisfying Jy =

Py {( 8 é )]; Py = py [( (1] _01 )} and I[?}V is a diagonal R-symmetry generator of

SU(2)g. This R-symmetry generator in new IR SCFT is enhanced to SU(2)H! and the
SCI can be also defined there.

Hereafter, we use the transpose of Y to specify the type of punctures. For example,
[1¥] represents the full (maximal) puncture and [N — 1,1] does the simple (minimum)
puncture.

2.4.2 Free hypermultiplet

In our analysis, we assume that all the SCFTs without any Coulomb branch are free
hypermultiplets specified by the representation of the flavor symmetry. Under the con-
dition that only untwisted regular punctures are allowed, we can classify them. Using
the formula and the condition (d¢); = 0 leads to the constraint pj + pP + p{ =
2k —1for k=2,3,...,N. We use the property that the regular punctures must satisfy
Pr+1 — P = 0 or 1 in addition. These constraints determine all the possibility of pf’B’C
and all the three punctures combinations are listed in Table. 2.1 We categorize them
into four classes. From the analysis later, we call each Bi-fundamental type, Second rank
anti-symmetric type and two exceptional types.

To determine what representations of the explicit global symmetry associated to three
punctures, we use the information about the dimension of the Higgs branch and flavor
central charges for non-Abelian simple group.

’ theory H explicit flavor symmetry ‘ dy ‘ flavor central charges ‘
Te[C(r], 1N, [N = 1,1))] SU(N)1 x SU(N)y x U(1) N* ksuvy, = ksun, = 2N
TS[C([AM], [0?], [non = L)) (N =2n>4) SU(N)x SU2) xU(1)* | sN(N+3) | ksuw) =N, ksu@) = 2N
TS[C(M], [n%, 1], [n+ 1,n])] (N=2n+1>5)
TSIC([19], 28], [4,2])] SU(6) x SU(3) x U(1) 28 ksue) = 12, ksy) = 12
TSIC([2, 14, 2], [3%)] SU(4) x SU(3) x SU(2) x U(1) 24 ksu = 10, ks = 12,ksu@) = 12

Table 2.1: Classification of the class S free hypermultiplets and their data
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Half-hypermultiplet

If we have an N'=2 supersymmetry (not superconformal), we can diagonalize the anti-
commutators for physical states like {Al, Ay} = 64(M + Z) (a,b = 1,2,3,4). The irre-
ducible representations are annihilated by A for example. In addition, the BPS repre-
sentation consists of the states annihilated by half of these combined supercharges AT.
Therefore, the dimension of that representation is four formed by [Q), AT|Q), AJ|Q) and
ATA211Q). |Q) belongs to a representation R of the gauge/flavor group. This multiplet
is usually not CPT invariant (R is mapped into R*) and the physical multiplet is doubled
to make them CPT invariant. But when R is pseudo-real, namely, an antisymmetric map
€ : R® R — 1 exists, this multiplet is CPT self-conjugate and physically allowed. This
is called half-hypermultiplet. Notice that A*[J is the pseudo-real representation when
k= N/2 is odd.

As is well-known ( see, for example, [143]), the fourth homotopy groups m4G of simple
groups are Zy when G = Sp(N), Sp(N)/Zs (N =1,2,3,...) and trivial otherwise.

In [144], the global anomaly exists when there exists the odd number of even di-
mensional representations of SU(2). To avoid that, we need the even number of half-
hypermultiplets and this is why only hypermultiplets are allowed in the SU(2) gauge
theory.

Bi-fundamental type

The first case TS[C([1V], [1V], [N — 1,1])] is well-known to be the bi-fundamental free
hypermultiplet [14]. In fact, the bi-fundamental free hypermultiplets has SU(N); X
SU(N)s x U(1)-symmetry where U(1) is the baryon symmetry.

In them of A'=1 chiral multiplets, the representation is given as (N, N, 1)& (N, N, —1)
and this means kgy(n), = 2N x T(0) = 2N (i = 1,2). The degree of freedom in H also
equals to dyg = N?2.

We can also see this fact from the associated Seiberg-Witten curves.

Second rank anti-symmetric type

Although the class S realizations of the even and odd cases look different, we discuss both
cases at the same time because the 4D physical properties are uniformly treated.

We have two cases. In the case that N = 2n (N > 4 or n > 2) is even, the theory
TS[C([1V], [n?], [n,n — 1,1])] is rank 0. In the case that N =2n+1 (N > 5 or n > 2) is
odd, the theory TS[C([1V], [n2,1],[n + 1,7n])] is also rank 0.

However, the following arguments are independent from the even-odd property of N.
Indeed, we can read off explicit flavor symmetry as SU(N) x SU(2) x U(1)? for N > 5
and SU(N) x SU(2)* x U(1) when N = 4. In both cases, ksy(nv) = 2N and kgy2) = 2N
(kSU(2)1 = 8 and kgy(2), = 6 when IV = 4) holds true. The dimension of Higgs branch is
given by dy = N (N + 3).
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The matter content, namely, the representation in terms of the chiral multiplets, sat-
isfying these conditions is following :

(N,2,%) @ (N,2,%) ® (A°N, 1, %) @ (A°N, 1, ) (2.4.8)
where * represents an undetermined U(1) charge. When N = 4,
(4,2,1,%) ® (4,2,1,%) ® (A*6,1,2, %). (2.4.9)

We can see in Sec. [3.6]that this conjecture is consistent with the 4D /2D duality relation
conjecture by deriving the SCI expression.

Exceptional case 1 : T¢[C([1¢],[23],[4, 2])]

In this case, the flavor symmetry is SU(6) x SU(3) x U(1), the flavor central charges are
ksue) = 12 and kgy(3) = 12 and the Higgs branch dimension is dy = 28.
The candidates satisfying the above conditions are the following two cases:

(A6 =20,1,%) @ (6,3,%) ® (6,3, %) (2.4.10)
or
(A6 =20,1,%) @ (A% = 20,1,%) @ (1,Adj = 8,%) ® (1,Adj = 8, %). (2.4.11)

In the author’s knowledge, we cannot determine which candidate is actually true. How-
ever, we will see that the former case is true by the SCI computation.
Exceptional case 2 : T®[C([2,14],[23],[3?])]

In this case, the flavor symmetry is SU(4) x SU(3) x SU(2) x U(1), the flavor central
charges are ksy4) = 10, ksy(3) = 12 and kgy2) = 12 and the Higgs branch dimension is
dy = 24.

The candidate of the matter content is given by

(N*4=6,1,2%) D (4,3,1,%) @ (4,3,1,%) ©(1,3,2,%) ® (1,3,2, %) (2.4.12)

and this is reproduced by computing the corresponding SCI in Sec. 3.6}

2.4.3 Rank 1 SCFT

Among the rank 1 SCFTs, we focus on the special rank 1 SCFTs with larger global
symmetries. See [14,41}/145,|146].

) Naively speaking, if the latter case is true, there may exists a SU(2) symmetry but such symmetry
does not appear.
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E¢ SCFT in As-type

The first example of rank 1 SCFT we consider is the the Eg theory of Minahan and
Nemeshcansky theory [147] or Ts-theory which appeared at the strong coupling limit of the
SU(3) Ny = 6 superconformal QCD [41]. The corresponding punctured Riemann surface
is the 2-sphere with three maximal/full punctures and the 4D theory is represented by
TS[C([1%], [13], [13])] as we see above. Although it was found in the analysis of the SU(3)
N; = 6 Seiberg-Witten curve originally [147], we rephrase them from the punctured
Riemann surface [14].

It can be also realized as a seven-three branes system in the type IIB string theory
[145,/148]. In that set-up, the flavor symmetry and the Higgs branch of the theory on
the D3-branes are the gauge symmetry and the instanton moduli of the theory on the
seven branes respectively. Indeed, the dimension of the one-instanton moduli of Eg after
removing the center mode is given by hy — 1 = 11. This is another evidence.

Let us start from the SU(3) Ny = 6 SCFT. This is constructed from two bi-fundamental
hypermultiplets TS [C([1%], [1%], [2,1])] by gauging each SU(3) flavor symmetry and then
specified by T°[C([13],[1%],[2, 1], [2, 1])]. Now, we have other duality frame corresponding
to different pants decomposition like

ToC(%), 1] [2,1], [2,1])] = T[C([°], [, [°))] + ToIC([17), 2,1], [2,1))) - (2.4.13)

TS[C([1%],[1%],[1%]) is exactly the T3 theory. However, a subtle problem happens. To
see this, let us consider the remnant theory T¢[C([1%],[2,1],[2,1])]. On computing the
dimension of Coulomb branch, the formal number of the Coulomb branch operators whose
scaling dimension is 3 is negative, namely, —1. This implies that the total theory has not
SU(3) symmetry but only subgroup. Indeed, this is true and SU(3) is broken to SU(2).
In terms of the Higgs branch, the formal Higgs branch dimension is 7 but, at a generic
point, SU(3) cannot be completely Higgsed after gauging. If there remains SU(2) gauge
symmetry in the reduction form 6D to 4D, five NG hypermultiplets are eaten by gauge
bosons and there remains only two which charged under SU(2). Indeed, the flavor central
charge ksy(2) contributing from this and T theory is given by 2 and 6 respectively, and
the S-function of this SU(2) gauge coupling vanishes. These theories with different flavor
symmetries between at UV and at IR are called bad [149].

E; SCFT in As-type

The next SCFT is expected to have E; symmetry and given by T°[C([14],[1%], [2,2])].
There is one Coulomb branch operator with the scaling dimension 4 and the Higgs branch
dimension is 17. With the same reason before, this coincides with the dimension of the
instanton moduli space hy, — 1 = 17.

Let us remark the class S construction from some Lagrangian theory. Using the pre-
vious results in free hypermultiplets, the theory TS[C([1%], [3,1], [2,2],[2, 1, 1])] is realized
as SU(4) gauge theory with three fundamental hypermultiplet and single third-rank an-
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tisymmetric half-hypermultiplet like

TS[C([14]> [37 1]7 [27 2]’ [27 L, 1])] = TS[C([14]G> [14]’ [37 1])] +a TS[C([14]G> [2a 2]’ [2’ 1, 1])]
(2.4.14)

Now let us consider another decomposition like

TS[C([14]> [37 1]’ [27 2]7 [27 L, 1])] = TS[C<[14]H7 [14]7 [27 2]” +H TS[C([14]H> [37 1]’ [27 L, 1])]
(2.4.15)

In the same reason as before, SU(4) gauge symmetry is broken to its subgroup, actually,

SU(3) gauge symmetry. The formal Higgs branch dimension of the theory T°[C([1*], [3,1], (2,1, 1])]
is 13. After the gauging process, there remain 6 hypermultiplets in the IR. If they forms

the fundamental representations of SU(3), there are two such hypermultiplets whose cen-

tral charges is given by kgy(3) = 4. The sum of central charges is 12 which assures that

this is conformally gauged.

Eg SCFT in As-type

The final rank 1 SCFT is given by T¢[C([19],[2%], [3%])]. There is one Coulomb branch
operator with the scaling dimension 6 and the Higgs branch dimension is 29 = hy — 1.

The class S construction from some Lagrangian theory is following. We can construct
SU(6) conformal gauge theory with five fundamental hypermultiplets, single second-
rank anti-fundamental hypermultiplets and single third-rank anti-fundamental hypermul-
tiplets. That is to say, (O @® 0)®° @ (A0 @ A?0) @ (A30). That SQCD corresponds to
TS[C([2%],[3%, [4,2], [3,2,1])] in the class S language.

TS[C([QS]’ [32]’ [47 2]7 [37 27 1])] = TS[C([16]G7 [32]7 [37 27 1])] +a TS[C([16]G7 [23]7 [47 2])]
(2.4.16)

Other decomposition we consider is given by

TS[O([Qg]v [32]7 [47 2]7 [3’ 2, 1])] = TS[C(DG]HV [23]7 [32])] +u TS[C([lﬁ]Hv [37 2, 1]7 [47 2])]
(2.4.17)

In this case, the additional coupling theory is T°[C([1%g, [3,2,1],[4,2])]. The formal
Higgs branch dimension is given by 26 and the number of the formal Coulomb branch op-
erator with the scaling dimension 6 is —1. It is expected that SU(6) is broken into SU(5)
in this case. In this case, if we assume that all belong to the fundamental representation
of SU(5), SU(5) symmetry is not conformally gauged. To make it conformally coupled,
the remaining 15 hypermultiplets should be the sum of single fundamental hypermultiplet
and single second-rank anti-symmetric hypermultiplet. Indeed, the flavor central charge
for these matters is given by 2 4+ 6 = 8 and that from the rank 1 SCFT sector is 12. The
sum cancels the contribution —20 from the SU(5) vector multiplet.
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Chapter 3

Superconformal index and 2D
g-deformed Yang-Mills

First of all, let us define the full superconformal indices (SCIs) in the absence of any
defects. [31]. When we add several conformal BPS-defects, the original superconformal
symmetry is partially broken. However, using this general definition, we can define the
superconformal indices in the presence of these defects in the same way.

In particular, in 4D A'=2 superconformal case, they are formal power series of three
variables each coefficient of which is a polynomial of flavor fugacities. urthermore, there
are many special limits : Macdonald limits, Schur limit, Hall-Littlewood limit Coulomb
limit. In this thesis, we mainly focus on the Schur limit and, in this limit, the SCIs are
usually called Schur indices. Only this limit allow the loop operators ( and domain walls)
although the surface operators are allowed in any cases. In this special case, there are two
other approaches to Schur indices : the vacuum characters of hidden chiral algebras [140]
and the trace of Kontsevich-Soibelman quantum monodromy operators associated to their
IR BPS quivers [364|1504(151].

3.1 State-operator correspondence

One of the most important properties (but assumption) of CFT is the state-operator
correspondence. Consider any d-dimensional connected open region with a local operator
inserted at a point inside it. After removing the point, it has a non-trivial topology like
R x S9! which allows us to reinterpret the first R-component as a new time direction.
In other words, we view some d — 1 dimensional surfaces surrounding that point as the
time slice. If we have an exact symmetry which generates the translation along the radial
direction, we have the new Hamiltonian which equals to the dilatation operator in the

DT do not know the proof for general 4D N'=2 SC theories but this claim holds true for free hypermul-
tiplets and vector multiplets.

2 There are two Schur limits, ¢ = ¢ and p = ¢, which are exchanged under a SO(4) rotational symmetry
(z,w — w, —2).
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flat Euclidean space. This happens for CFTs or, TQFTs which are more symmetric and
where there are many candidates for the new Hamiltonian.

Hga-1 denotes the Hilbert space over the S-1 which is the d — 1 dimensional sphere
with the radius . The scaling symmetry suggests the isomorphism between the Hilbert
space with different radii

Hgir = Hga (3.1.1)

and, hereafter, we denote the representative space Hgi-1.

In this set-up, the state-operator correspondence claims that there is a natural iso-
morphism between the local operators and the states of Hga—1. In particular, in the
unitary theory, the vacuum state |2) have zero eigenvalue which is minimum for the scal-
ing operator D. Therefore, the identity operator corresponds to the vacuum state. Now,
the general map from operators into states is simple:

[0) := 0(0)[€2) = lim ¢(2)[€2) (3.1.2)

and this means that the eigenvalues of each generators of the symmetry for |¢) if diago-
nalized equal to that of local operators.

Conversely, if we specify all the weights of the symmetry group, the corresponding local
operators are expected to be almost unique, at least, we have no general way to distinguish
them. Here we assume that the inverse map from any state into local operators exists.

In the discussion of superconformal theories, there is an important class of local opera-
tors called superconformal primary (or chiral primary). In d = 4, we use this terminology
for the operators O(z) satisfying the condition [S,0(0)} = [S,O(0)} = 0. See the nota-
tion in Appendix. [B] In the state language, this means that the states are annihilated by
S, S. The superconformal primary property automatically assures the primary condition
[K,,O0(0)] = 0 and O(z) is called a primary operator.

Conformal mapping

Next, we show that R4\ {0} and S¢! x R are conformally equivalent. In the above
discussion, we do not need this mapping at all. However, this map naturally introduces
the supersymmetry on S?1. In other words, we can discuss the defects configurations in
the original flat space and the unbroken symmetry algebra associated to them.

Let us consider a following conformal map

¢: RN{0} — St xR
w W (3.1.3)
(%) — (Qga-1, 7 :=log(r))

3)Here, we ignore the structures other than additions and symmetry actions, namley, the operator
product expansion (OPE), for example.
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where the Euclidean R? is equipped with a natural Descartes coordinate {x¢}, {0} is its
origin and r := /x%,. These two geometries with natural metrics are conformally
equivalent because of

d 2
dsty = dadw, = dr® + r2dQge: = 1’ (i + dQSdl) = ¥ (d72 + dQgum1) = €7 ds% gar.

72

(3.1.4)

When d = 4, notice that the natural U(1)? action on C? are identified with the Cartan
U(1)% in SO(4) acting on S? if we take a complex structure and identify R* as C? following
it.

The S! compactification does not break neither supersymmetry and conformal sym-
metry, and after this conformal mapping, we usually perform this reduction. This implies
the equivalence between the superconformal indices and S9! x ST partition functions [32].
In fact, this is true in some sense, however, when d = 4 at least, there is a subtle difference
usually called supersymmetric Casimir energies , or some anomaly not removed by finite
supersymmetric counter terms [152-155], finally related to the central charges a, c. In this
thesis, we ignore this subtle quantity.

Conjugation

In the ordinary canonical quantization, the Hilbert space consists of the set of normalized
functions over R! and the Hamiltonian H = P° acts on it. Any wave function is
a functional over such configuration space. Similarly, in the the radial quantization,
the normalized functions over S%! give the new Hilbert space Hgi—1 on which the new
Hamiltonian D (dilatation/scaling operator) acts. The state-operator correspondence
says that any element of Hga-1 is generated by a local operator insertion.

Hereafter, unless we refer to, we use the symbol T as the conjugation in the radial
quantization sometimes called BPZ conjugation. Roughly speaking, this operation cor-
responds to 7 — —7 (inversion). An in-state identified as a local operator at the origin
is mapped into an out-state identified as that at the infinity. In the original conjugation
on R? x R, the translation generators P, are mapped into themselves. However, in this
conjugation, they are mapped into the special conformal translation generator K. See
also the BPZ conjugation part in Appendix. [B]

Conformal defect

Let us consider non-local defects not breaking the scaling symmetry. Such defects must
pass through the origin at least. mong them, we consider defect locus preserving the

4In the Minkowski metric, this space is conformally equivalent to AdSy x S? which do not have any
global time. Therefore, SCIs are defined only in the Euclidean CFT in this thesis.

5)We can map such defects into others not passing thourgh the origin with the broken symmetry
generators. Such generators change the defects locus by definition. Strictly speaking, in the context of
SCIs, we only allow the generators commuting the supercharges to define the SClIs.
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maximal symmetry as possible. The natural choice of such locus of the codimension
q conformal defects in R? is the hyperplane R%~9. Since they extend along the radian
direction, after the conformal mapping, the defect locus is S99 in S9!,

In these cases, the Hilbert space is the wave functional satisfying some boundary
conditions, for example. In the operator language, it is expected that the corresponding
operators are the defect local operators induced by 4D local operators.

More precisely, we have two interpretations at least in gauge theories. One interpreta-
tion is natural in the line operators, namely, codimension one defects, of gauge theories.
They are bulk local operators which can be line changing operators or junction operators
in general [151]. The other interpretation is also natural in coupled systems in gauge the-
ories with gauge symmetry G. If we have a bulk local operator ¢ 4(0) in a representation
R for GG and a defect local operator 5‘4(0) in R* for G which may be the flavor symmetry
for defect theories, after gauging, there is a composite gauge-singlet operator like

(¢a0™)(0) (3.1.5)

and, in the SCI languages, it counts such composite operators satisfying some BPS con-
ditions as discussed later.

3.2 General definition

Let sc be the superconformal algebra. In the important case d = 4, s¢ = su(2,2|N)
(NM=L1,2,3) or psu(2,2]4) (N'=4). See Appendix. B
By the definition of the super Lie algebra, sc is decomposed into two parts as follows:

s = {X esc | (-1)X = X(-1)"}
sc i ={X esc | (-1)'X =-X(-1)"}

where (—1)" is the operator giving the Z, grading structure in sc. Notice that sc? is
closed under the Lie bracket but s¢’ is not so, that is to say, {sc’, s¢/'} C sc¢? where {, }
is the super Lie bracket. Let h be the Cartan subalgebra of sc¢? including so(1,1). @ In
addition to the super Lie algebra structure, there is a involution called the conjugation
in the canonical quantization. As remarked before, the  operation depends on the time
axis and we also use T associated to the radial quantization.

6)In general, some Lie algebras over R has several Cartan subalgebras which are non-conjugate each

other. However, in the d dimensional Euclidean conformal theory, sc® is considered to consist of the
conformal algebra so(d + 1,1) and the R-symmetry algebra which may be a compact Lie algebra. The
later algebra has the unique Cartan subalgebra. The former one also has the unique one when d is even
but two different ones when d is odd [156]. There, we choose the Cartan subalgebra whose Lie group has
a non-compact direction. Notice also that, in the Minkowski CFT cases, the above statement does not
hold true for all d.
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Comments on choices of O

Now, let us pick up a supercharge denoted Q which is an element of C*\ (s¢/\{0}) (scaling
is not irrelevant). Then, we can define a superconformal index for each choice of Q.
However, in usual, we have several essentially different SCIs. Let us discuss this briefly
before defining SCIs. First of all, we can divide { operation as we easily see from the
definition remarked later. Next, let us consider SCP = Exp(sc?)-orbit of Q denoted
SCB(Q) :={p(9)Q | g € SCB} where p is the representation to which the supercharges
belong. Any supercharge in SC?(Q) may give the same SCI. In 4D N'=2 case, as vector
spaces, s¢’ ~ (4,2) & (4,2) under SO(5,1)c x U(2)g. There, we identify this as a pair
of 2 x 4 matrices 2 = (Q,S) and 9= (Q,8). To have the maximal bosonic symmetry,
it is expected that Q must belong to either representation of SO(5,1)c x U(2)g, that is

to say, either C' = 0 or C=0for Q="Tr [C2]+Tr [60@1 where C, C' are 4 x 2 matrices.

Then, the choice of C after the quotient by SO(5,1) x U(2) is expected to be classified
by the rank, namely, 1 or 2. The first case is @T and the latter case is éf + QQ_ which
corresponds to the pg = ¢ limit (See Sec. . When the bosonic symmetry is allowed
to be smaller, we can take linear combinations of elements both from £ and from 9.
This includes the Schur limit we will focus on later.

Weights for the commutant group of Q

As it is well believed in quantum mechanics, any state is specified by the eigenvalues of
all generators (sometimes called weights) which commute each other up to the label of
finite degeneracy. To see such generators, let us define the commutant of Q and Q' at
first.

5= 3:(Q,Q") ={X €sc | [X,Q} = [X,Q"} =0} (3.2.3)

Next, let § be a maximal and commutative subalgebra in s¢® Nj. Since £ := {Q, QT} € 3
and [{Q,QT},Y] =0 for VY € y by definition, & = {Q, Q'} € p always holds true.
Furthermore, {Q, Q'} includes D which is a generator of non-compact algebra, namely,
R. Then, in general, Lie(y) ~ U(1)* x R when the R-symmetry is compact group. We
assume that this subalgebra is unique up to the conjugacy action of sc® N 3 after we fix
Q.

Suppose {Y,}, generate y and are linearly independent each other. G and § denote
the global symmetry and its Cartan subalgebra which is unique up to the conjugacy
action. {F;}; are their basis of .

In summary, the Cartan subalgebra which commutes with Q is generated by

E, Yaci2..0 Ficio. rkap (3.2.4)

"Here we assume that for any Q' € SCP(Q), there exists g € SC¥ such that Q" = gQg~'. Then,
y’ = gyg~! in the above definition.
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Fermion number

The super Lie algebra is graded by (—1) called “Fermion number”. Indeed, to define

the SCI, we must specify the action of (—1)f" on the Hilbert space. Rigorously speaking,
(—1)% is not an element of the superconformal algebra and we want to express it in terms
of the algebra, actually, its Lie group of sc?.

For that purpose, recall the property (—=1)'Q = —Q(—1)F and (-1)¥'Qf = — QT (-1)*".
If we take L satisfying

1
[L,Q] = QQ mod ZQ, (3.2.5)
it is possible to define it as
(—1)F := exp (2miL). (3.2.6)

Furthermore, we need the condition [(—1)¥,Y,] = 0. When h is a Cartan subalgebra
including 1, L € b is sufficient condition for this and we take L from . Notice that there
is ambiguity of the choice because of the addition of b.

In the 4D theory, we have one choice L = j; + ji, namely, (—1)F" = ¢?71%72) where 5,
and js are the Cartan of SO(4) isometry. This choice is maybe natural by recalling the
spin-statistical theorem where F' is exactly the fermion number. In the case of 4D N=2
systems, this can be also true for L = —I, namely, (—1)f = €™ where I is the Cartan
of SU(2)r symmetry or for L = r which is the Cartan of the U(1),-symmetry. We will
see this ambiguity of choice later.

If we define Q to be a natural basis, namely, the eigenstate of the action of h, we can
always say

hb=y@y" (3.2.7)
where

pt =RL  y=REDPRY.. (3.2.8)

In this discussion, when we choose Q be the above simple one, the maximal number
of fugacities associated to the superconformal symmetry is given by dimbh — 2.

Superconformal index

Now, we can define the fully refined superconformal indices by

I(a;b,y) = Tra,, | (=)0 [Jwi ] o] (3.2.9)

7

8)Strictly speaking, we cannot identify (—1)¥ for sc and (—1)¥ in the SCI in general. Instead, we have
a weaker condition that (—1)% plays a role of Zs-grading operator for n. In fact, only the property to
define SCI is {(-1)¥",Q} =0, ((-1))F = (=1)F and [(-1)F,Y,] = [(-1)F, F;] = 0. However, through
this thesis, we use the same symbols both for sc and for the SClIs.
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where the action of (—1)¥ on the Hilbert space is defined later. Notice that the SCIs
depends on the choice of Q up to the inner automorphism Inn(sc) as seen before. There-
fore, if the duality acts on the supercharge non-trivially (map to the different SCZ-orbit)
such as the 3D N'=4 mirror symmetry, we care about the supercharge choice in the du-
ality check. However, in 4D with any supercharges, since it is believed that there is no
non-trivial actions up to phase (See a footnote in [45] for N'=4), we have no troubles in
the later discussion.
Next, we discuss several properties about this quantities.

3.2.1 b-independence
Grading

To this end, let us decompose Hilbert space according to its weights discussed above. First
of all, it decomposes into the bosonic sector and the fermionic sector following (—1)F as

HSd 1 — Hsd 1 @Hsd 1- (3210)

ﬂ On the other hand, we have the weights (other than £ here) decomposition as

Hgir = (PHLT. (3.2.11)

Yo, fi

Non-BPS cancellations

Here we see that the contributions from the Hilbert space with £ > 0 cancels.

There are two important properties to show this. One is the unitarity implying that
there is no zero norm in the physical Hilbert space except zero itself. The other is that,
in the quantum mechanical description, the Hamiltonian £ (either in the radial or in the
ordinary quantization) is generated by odd charges Q in the algebra of symmetry.

Let us take one of states |v) := |E, y,, fi; o) € Ker(Q) with definite charges for Y,, and
F; and positive E (the eigenvalue of £) where « is other labels if exits. Then, Qf|v)
has the same charges. (Q7)? = 0 and Q(Q'|v)) = E|v) mean that |v) and Qf|v) forms
an irreducible representation of the super algebra (Q, Q', & | {Q, Qf} = &) when E # 0.
This also means

H(SEd>lo,y f),B HS?IO W I ) F (3.2.12)

Furthermore, the unitarity implies

| Qo) || = (v{Q, Q"}v) = E > 0. (3.2.13)

9We do not discuss other possibilities like (—1)¥ acts on the state as the non-real phase.
10)We can always take the state in Ker(Q) because Q commutes with the charges and 0? = () means

Im(Q) C Ker(Q).
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and E = 0 is equivalent to |v) € Ker(Q).
In summary,

HEDS = HESS ~ Ker(Q) N Ker(QY) (3.2.14)
HED) =20 @V (3.2.15)

where 2,;, is the above irreducible representation and V' is the vector space for the label
.

Since Tra,,,, [(—1)"] =0, it is enough to take the trace over H5FS. So, the index has
the form like

=2 ITviral Tryprsns [(=1)7] (3.2.16)

y,f o

where we assumed that the eigenvalues are discrete. Now, the SCI is clearly b-independent
and we can drop off the b in the expressions.

3.2.2 A few comments
Constant series over conformal manifolds

The SCIs are expected to be invariant under any exactly marginal deformation. In 4D
N=2 SCFTs, the holomorphic gauge couplings are such parameters and it is believed that
they are only possible deformations. Since the SCIs just count the BPS local operators
with Zs-grading, and each coefficient is always integer. Therefore, there are two possibil-
ities : discontinuous changes of the coefficients and continuous changes of the exponents
of fugacities. The former case does not happen because we focus on the Hilbert space on
the compact space and the long multiplets do not contribute to the SCI.

Let us remark on the latter case. Since the weights of compact Lie groups are discrete,
only the scaling dimensions and r-charges of BPS operators can be continuous. However,
in all the known examples, they are discretized, namely, valued in the integer multiples
of some fractional number. Moreover, according to [157], we can restrict the form of the
exactly marginal operator which ensures the vanishing of three points correlators of
two chiral operators and any single exactly marginal operator.

The independence of SCIs from the holomorphic couplings enables us to evaluate them
at any point of the conformal manifold. As seen in Sec. in the 4D N'=2 SCFTs,
we can evaluate them at the weakly coupled region where some almost free Lagrangian
descriptions may exist. In other words, we can compute the SCls in the near free limit
if exists. In such regions, the Lagrangian consist of those of hypermultiplets and vector
multiplets and it is enough to evaluate it for each multiplet and finally to couple them.

1D We also assume that each BPS Hilbert space over S?~! is finite dimensional.

12) As commented in [31], all the deformation operators commuting with the chosen supercharge to
define the SCI are allowed.

13)We greatfully thank Y.Tachikawa for telling us this fact and K.Yonekura for proving the invariance
of SCI based on this fact.
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In the class S cases, by construction, the conformal manifolds are identified with the
Teichmiiller spaces which are moduli spaces of punctured Riemann surfaces C.

Let ¢, 7° and T, 4, be the set of all the punctured Riemann surface with the holonomies
data at punctures and with the complex moduli, a map from % to the set of 4D N'=2
SCFETs Typ a=2 scrr and the SCI map from Tip ar—2 scrr t0 Cp gt {0} = Z[[p'/?, ¢'?, 1t+1/?|®
Z((a)) where p,q and t are fugacities for y as introduced later in Sec. and Z((a)) (a
is the set of flavor fugacities) depends on the theory respectively. After the choice of
C other than the complex moduli, the composition Zg, 4+ := Z, .+ © 7;3 ¢ () 1s the map
from the moduli space M¢ of C to C, 4 sy but constant from the above discussion. The
important point is that Z,,,: can be regarded as a TQFT correlator on C. In Sec. ,
we see that Z;, ., in some special limit (¢ = t) is essentially same as the 2D topological
g-deformed Yang-Mills correlators.

At the most singular point of M, C fully degenerate to a trivalent graph I' and we
can evaluate the above map. Let Zr be the integral expression of it based on the gauging
operations (discussed below) where there is an integral over a subgroup of H in G at
each internal edge. Therefore, when we have two different degenerations I'y and I'y, there
should be the equality Zr, = Ir, € C, 4 qy Which is highly non-trivial. Notice that these
infinitely many non-trivial equalities becomes trivial, however, after the identification as
the g-deformed Yang-Mills correlators.

Unitarity bound

First of all, recall that we have the degree of freedom to change the basis {Y, }, of y. If we
have the special basis written as Yﬁ = {Qﬁ, Qg} by using O for some [’s, the eigenvalues

of YB are non-negative on Hga-1. This is because, in unitary theories, the squared norm
of any physical state is positive and Qs map any physical state to other physical state or
0. 9, is uniquely defined by

[Tve =TT o (3.2.17)

One way to find the above Q’s is to take them from
ri=j3nNsc" (3.2.18)

where {r,x} C v.
When we view the SCIs as the formal polynomial of y3 where 5 may not run over all
indices of the new basis of 1, their exponents are always non-negative.

Gauging process

The final comment is on the “gauging” of flavor symmetries.

1Y) Here we ignore the rigourous mathematical treatments and do not insert any defects.
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Consider several superconformal theories with a simple flavor symmetry G at least
denoted by T; = T;[G] (i = 1,2,...,s) and assume that they are conformally gauged
together, that is to say, the sum of the flavor symmetry central charge k¢ ; associated to
G equals to 4h}. Then, the SCI of the resulting theory denoted by T is given by

Zi({za}ta) = ﬁ{r [da] Afaar (@) Zyector (@ HIT REPR (3.2.19)

where {2, }a, is the other fugacities set of the i-th theory T; and {z4}4 represents the
total set of them. Here we use the Weyl’s integration formula stating

[ @)= § daldna(afa) (3.2.20)

where a € T™®, f is the class function over G which means f(U) = f9(U) := f(gUg™')
for V g € G. A(a)maar is the Haar measure coming from the fiber (or the adjoint orbit)
integration. In the case g = su(N),

N-1
daz

/SU(N) 4Ol N 7§N . 21:[ 27mal A(a™)f(a)

where we also introduced new symbols

(3.2.21)

N-1

f;N 1 H ler(z;z - %da] %[da]AHaar(a) =. %[da]Haar (3222)
Ataar(a) = ]\1”A( VA( = = H (N~ 1>H a; — a;) =¥ H 1_— (3.2.23)

i#£j i#£]
Aa) == H(ai —a;) discriminant (3.2.24)

1<j

with the constraint ag := [, a; = 1.

3.3 Reduced SClIs

In many cases, the fully refined SCIs ( = the number of fugacities is maximal ) are hard to
treat although we can compute them if we have a Lagrangian description in some duality
frame. To simplify them, we can reduce the number of fugacities as long as the dimension
of each BPS Hilbert space is finite.

15)This corresponds to U(N)/U(1) ~ PSU(N) = SU(N)/Zy case not SU(N) strictly speaking [98,158].
If A; = qy /a(l)/ N A; corresponds to the SU(N) fugacity. The above formula differs by |Zy| = N with
respect to this difference but we ignore this subtlety.
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More generally speaking, we may define the new indices by removing the divergent
part like

I(ayy) =

lim L(y;a 3.3.1
{ayy—~{7ar J(y; a) (y;a) ( )

where 7 (y;a) is some zero modes contributions which diverges at (a,y) = (a, 7).

3.3.1 Poles of the index

The superconformal indices have infinitely many poles in the fugacity plane. Are there
any physical meanings for them ? To answer the questions, we explain the idea discussed
in [77].

For that purpose, let us go back to the flat space formulation. Let a be the fugacity
which we focus on and b be all others, namely, b9 =[], b7".

Z(a,b) = Tryzes [(—1)"a’t?] (3.3.2)

Now, we assume that we have the singular structure like

Z(a,b)

where we assume that fo is an integer. It is expected that the singular part T ool
—a
comes from a bosonic chiral operator O with charges f = fo,9 = go. The divergence

comes from the equal contributions of the sequence of operators
{0,0,0% ...} (3.3.4)

which are powers of O. In other words, there is a zero mode at the special fugacities
choice.

Taking the residues corresponds to the removal of this zero mode and the set of a to
the special values consisting of b. The latter means that

Tr [(—1)"0™"] (3.3.5)

where "V = f — f—og. Since O is uncharged under f™*“, this new charge is preserved

when O has some VI(EQV. This fact implies that the zero mode is the NG mode associated
to the symmetry breaking by a VEV of O and taking the residue corresponds to the SCI
in the IR after the RG flow triggered by the giving VEV to O.

When we apply this discussion to the free hypermultiplets and to the pole in the
U(1)p symmetry, it is expected that the multiplets produce a vortex at the UV and flows

16) At least, this is always possible when all the symmetry groups associated with a are compact.
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to a surface defect in the IR. In particular, we couple the free hypermultiplets to the
original theory at the UV and then, in the IR, we expect that the original theory with
the surface defect. Interestingly, this procedure results in the difference operator action
on the would-be gauged fugacity of the original theory.

Instead of performing the full computation, we see the simplest mathematical toy
model. The divergence comes from the contour pinch of the integral, namely, the pole
inside the contour and that outside collide in the limit corresponding to the residue.

For some function f(z) of z, consider

Fla,b) := f{ Az /() (3.3.6)

s=1—c 2T (z — ab®)(z — q%)

where |a| = |b], |¢| < 1 and (z — ya®) := (z — ya)(z — ya™'). Using the residue theorem,
we have

a®bf(q2)
q(a —¢"/?)(a + ¢"/?)(a — ¢'/?b)(a + ¢"/2b) (> — 1)

+Y - f(z) (3.3.8)

F(a,b) = +B—=b" (3.3.7)

-~ abt) (% — 4

where z;(# ¢'/?b*) are simple poles of f(z) inside the contour. F(a,b) have some poles
in the g—plane and we focus on one pole a = ¢'/2. Indeed, two simple poles z = ab* and
z= q% in the original integrand coincide for each +. Then, the residue is

Res F(a,b) = — b

i IS EACMORN Ui (3.3.9)

and the result can be written as the difference operator actions on z when we identify z
and b again. Notice that this is not just the change of the variable by multiplying ¢'/2.

3.4 4D N=2 superconformal indices

In this section, we focus on the 4D N'=2 superconformal systems.
First of all, the superconformal algebra is given by

sc=s5u(2,2)2)  sc® =s5u(2,2) ®su(2)g @ u(l), (3.4.1)

and there are 16 supercharges : eight super Poincaré supercharges Q and eight supercon-
formal supercharges S. See Appendix. [Bl To use the recent standard notation in the 4D
N=2 SCIs, we quote the results in [40].

For Qa4 and Qau, A, a and & denote the indices of SU(2)k, SU(2); and SU(2),
symmetry, respectively. The relation between Q and S is given by

(Qua)t =8 (Qan)f = -84 (3.4.2)
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where T is the BPZ conjugate.
The supercharge to define the SCI is usually chosen as

Q=0,:. (3.4.3)
and the anti-commutator with Qf = §2 i is
E=2Y,:={Q, Q0 =A+r—2j,—2I >0. (3.4.4)
The Hilbert space over S® with & = 0 is given by
Ker(Q) N Ker(QF) = {2 rdnsnln) (3.4.5)

where other fugacities ignored here.
Notice that all choices of Q from the supercharges with definite weights for the fixed
Cartan are equivalent under some involutions as follows.

ze—w  SUQ2) +— SU@2)y Q+—Q

I - —1 m-rotation in SU(2)g 1+—2
j1— —j1  m-rotation in SU(2); + +— —
J2 — —jo  m-rotation in SU(2)y + +— —
T — —7 inversion in SO(1,1)p Q+— S

We do not consider linear combinations of these supercharges although some appear
in the limit of fugacities. The above choice of Q is the case with the maximal fugacities
of superconformal symmetry. Since rkh = 4, rky = 3 is expected. Indeed,

r=(91-, 914, Qv2+> (3.4.6)
and
b= (6(Q1_),8(Q14),8(Dy1)) (3.4.7)

holds true where we have introduced the new symbol 6(Q’) := 2{Q'f, @’}. The discussion
in the unitarity bound part in gives

2V, =6(Q1_) = A — 25y — 21 —r =2Yy + 2(1 + j») (3.4.8)
2Yy =6(Q1y) = A+2j; — 2T —r =2V + (jo — ju — 1) (3.4.9)
2V5 =0(Qy1) = A+ 2o+ 2] +7 =2V + (jo + j1 — 1) (3.4.10)
and
i=1p Go=i0  Yg=T. (3.4.11)

Using this basis of fugacities,
Z(a;b,p,o,7) =Tr [(—1)Fp?10YQTYSe’BSa] (3.4.12)
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where b = =¥
Several choices of fugacities are used in [18,39,|40] and they are related as follows:

p=tv'y =q/Vi t' = (por?)!/% = (pg)"/° p=or=1t%
o=ty "t =p/Vt qy=p 0 =/p/q g=pr =13y (34.13)
T =t 2 =12 v = (po/T)?3 = (pq)*3/t t=12=t"/v

Obeying the more recent convention, we use the (p, q,t) parameter representation. In
this basis of fugacities, the corresponding generators of y up to £ are

Yi=j—n—r Yo=got+j1—7 Ya=1+r (3.4.14)
h=q Y2 =7p ys = t. (3.4.15)

Fermion number convention

As discussed in we have several choices of the Fermion number operator (—1)¥. One
natural choice is

Li = j1 + ja (3.4.16)

and we use this choice through this thesis. However, other convention sometimes used
[151] is

Lg =—1. (3.4.17)
However, the difference between two is in ) and, indeed,
Li—Lr=3+p+1=Y,+Ys¢Enm. (3.4.18)

In terms of fugacity, this is just replacement of p,t by €*™p, e*™*t. In the Schur limit, this
is the map from ¢*/? to —¢'/2. This difference of conventions is equivalent to that of the
conventions introduced in Sec. 4.2l

The other possible simple choice is

L.=r (3.4.19)
and the difference between this and Lj; is

Li—Li=ji+j—r=Y,¢€n. (3.4.20)

1M Some references like [140] use the a bit different conventions where p and ¢ are exchanged, or equiv-
alently, 71 is flipped —j;.
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Various limitation and index contribution from the short multiples of SCA

There are special important limitations : Macdonald limit (p — 0), Schur limit (¢ =
Hall-Littlewood (HL) limit (p,¢q — 0) and Coulomb limit (p,q,t — 0 for fixed T := ).
Following the notations introduced in [159], we list which short multiplets contribute
to each index from [40].
At the index level,

Br=Craciz12 Drogn = Croija-12.)

A

Ditoy = Cro1j21.-1/2  Brrtiio)y = Crovjars1/at-1/2) (3.4.21)

and types B, C and & vanish.
First of all, for the full index,

- (1 =Bt —=p)(t—q)p" g7 —pTrgh™)
(1-=p)(1-q)p—aq)

Crotgn + —(=1)"(pg)> "t (3.4.22)

Crtan = (pa) 1 p)((ll_—?(p —q) [(]g)h g (% . %) : (%)ﬁ ' G ) %>]
(3.4.23)

o (LN (= p)(t— g g — pritgint)
(=1) (pq) {1—p)1—q)p—q) (3.4.24)

o (LY .
Dogro) (=1 (pq) (1=p)(1=-q)p—9q)

8 (O e R ORI G I

2t (1 — z%)

Ergir o)

Doojo) : (—1)2H ————L= 3.4.26
0(0132) ( ) (1 _p)<1 . q) ( )
For the Macdonald index (p — 0),
R " q2j1+1tj2*j1+1+1 o _— q2j1+1t—j1 2iil 2+l
Cigrgo) + (=1)7 - Doy = (=17 B Doo,2) = (1) 1—¢
(3.4.27)
For the Schur index (¢t — ¢ in the Macdonald index),
. ” qj1+j2+1+2 _ S qj1+1 9t qj2+1
Cr(jiga) (=1)" 1—¢ Dogjr0) - (=1)* qu Do(o,5) = (=1)%2 1——(]
(3.4.28)

18)For computational convenience, we define g-Coulomb limit p,¢ — 0. The Coulomb limit is obtained

with the further limit ¢ — 0.
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For the Hall-Littlewood index (¢ — 0 in the Macdonald limit),

A . . ; . .
Crcgy + —(F1PH 0 Do) = (1024 (3.4.29)
It is known that this index is equivalent to the Hilbert series on the Higgs branch [160]2
Th examples are Co(o,0) : stress-energy tensor multiple, 52 : free hypermultiplet, 5
: flavor current multiplet and Dy g,0) @ Do(o,0) : vector multiplet. We can easily check that

the corresponding single letter satisfies the above expressions.

Unitarity bound

The non-negativity condition of physical norms

2, =6(Q1) >0 2, =0(Q11) >0  2Y53=6(Qy;) >0 (3.4.30)
with the constraint 2Y; = 5(@24) =0 (3.4.10) claim that
T472>0,jotji—1>0. (3.4.31)

Notice also

A+r = 2(I+7j) > 0. (3.4.32)
Yo=0

When j, linearly depends on the others, we have the constraints
A>25h+2l+r  A>-—r (3.4.33)
When A linearly depends on the others, we have
ja—Ipnl—=r>0  ja+R>0. (3.4.34)

For the (p, o, 7) parameter representation of SCIs, their exponents are always non-
negative by definition. For the (p,q,t) parameter representation, we can say that the
exponents of p, ¢ are always non-negative and half-integers when r is integer.

Finally, let us discuss the unitarity bound in the particular limits. In the Macdonald
limit p — 0, the condition j, + j; —r > 0 becomes js + j; = r. Using jo — j; > 7, 71 < 0.
Combining the other bound I + jo > 0, I + j2 — 71 > 0 holds true. In the Hall-Littlewood
limit p, ¢ — 0, we have j; = 0 and j, = r. The left unitary bound is I +r =1 + j, > 0.

On the other hand, in the Schur limit ¢ — ¢, there left two bosonic generators jo+j; —7r
and jo — j1 + I and the supercharge Q?~ accidentally commutes with both, that is to
say, there happens the "supersymmetry enhancement”. This means that only the state

belonging to Ker(Q?~) contribute the SCIs. Since 26(Q?~) = j;+ jo — 7, there happens
Yo=0

the additional constraint j; + jo = r for the contributing states. This is exactly the same

as the Macdonald limit and we have the condition A — I = [ 4+ j, — j; > 0. In

conclusion, the exponent of ¢ in the Schur limit is always non-negative.

19)The corresponding supercharge is given by \/Qég + Q%
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Single letter functions

As discussed in Secf3.2.2] we can evaluate the SCI at the almost zero coupling region,
namely , at the free limit. The free fields contributing to SCIs, that is to say, satisfying
the condition E = 0 are listed in Table. 3.1l

Letters full  Macdonald Schur HL g-Coulomb
) P 0 0« (p) 0 T
A+ —p 0 0+« (—p) 0 0

vector A _ _ _ _
. 1- q q q 0 q—0
multiplet Xl-&- _ _ g 4 0
Py pq 0 0 < (pg) 0 0
| O_ihe +0,.: M- =0 pg 0 0« (pq) 0 0
half—hyper— Q 13 t3 q: 3 0
multiplet Eir _py 0 0 (—pq%) 0 0

t2

descendant Ot P 0 0 () 0 0
0_1 q q q 0 0

Table 3.1: Single letter and their associated fugacities in each limit.

Because of the Dirac equation (the on-shell condition) 0_; A4 + 0,1 M- = 0 (re-
call that we must discuss the operators on the “physical” Hilbert space), two letters
0750 3 My and 0% 0, ;A1 coincides and the overlap must be subtracted. The combina-
tion of the minus sign comes from this subtraction and their contribution are —pq gives
pq in the Table [3.1]

We can compute each contribution called single letter from each BPS multiplet [161].
In particular, let us compute the vector multiplet case and the half-hypermultiplet case
with respect to the weights of y. Using the Table. [3.1]

77 (p,q.t) = L foqp)_(f:j)_t (3.4.35)
1/2(1 _ pg
f(pqt) = (I_Sﬁ. (3.4.36)

The flavor symmetry part is simple. If a multiplet follows the representation R for the
flavor symmetry F, by definition of characters, the contribution is given by x%(a) where
a is the corresponding fugacities.

3.4.1 Evaluations of Indices based on free Lagrangians

Now, let us remark the computation procedure when we have some Lagrangian. See the
definitions and formulae in Appendix. [C.1]
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Fundamental SCIs from single letter functions

Using the single letter function (3.4.36[), we can evaluate the SCI as

u = 1 no.n ogn n
Irfngllltlplet(a;pa q, t) = €xXp [Z Efmultiplet(p , q 7t )Xg(a )] = P'E'[fmultiplet<p> q, t)XII;<aJ)]

n=1

(3.4.37)
where P.E. is called the plethystic exponential.
Vector multiplet SCI : Z\f,‘e‘gtor( )
Using the equations ) and m we can see
U G 1 n n n n
I\{ecltlor( ) ‘= exp (Z Efv<p y 4 7t )XAdj(a ))
n=1
0 N n
1—p" —q" =" +p"q"(2+ 1/1") (a)
= exp — — ] +N-1
(nz:; n (1=p")(1—q") iﬁj;# a;
_ ((p,p)(q,q)) 1H( 1 1 )
I'(t;p,q) i \(1 = ai/a;)(1 = a; /i) T((ai/a;)*; p, )T (ta;/a:)*; p, q)
(3.4.38)
_ ((p;p)(q; Q))Nl 1 I (F(pqt‘l(ai/aj);p, q)) ‘ (3.4.30)
I'(t;p.q) Afa)Aa™1) I'((aifa;); p,q)

i#]

Half-hypermultiplet SCI : 7! (a)

hyper

Let us see the SU(N) x SU(N) bi-fundamental half-hypermultiplet case and SU(2) tri-
fundamental half-hypermultiplet case.

In the bi-fundamental case, the global symmetry is given by SU(N)4 x SU(N)p X
U(1)p whose class S realization is T7[C/([1V], [1V], [N — 1, 1])] as we have seen in Sec. 2.4
Let a,b and m be the fugacities of SU(N)a, SU(N)p and U(1)p respectively. Now, the
full SCI for the half-hypermultiplet is given as

1
7l 1 (a,b,m) = exp (Z —f2"(p ,q”,t”)m”ng(N)(a")XéU‘N)(b”)) (3.4.40)

e 121 = g /t7) b
- p(nznu—pnm—qn) 2. Zbﬂ))

1,j=1

= H T(Vt(bzy;); p, ). (3.4.41)

2,7=1
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The other similar example is the SU(2) tri-fundamental half-hypermultiplet.

Lo

" (a,b,¢) == exp (Z —f2M(pm, g, t") [XSU(Z)(Gn)XSU(2)(b")xéU (2)(c")}) (3.4.42)

— ox ltnﬂ(l_pnqn/tn) atbEet)n
- p(;nu—pﬂm—qn)( ’ )>

= D(Vt(a*b ch);p, q). (3.4.43)

3.4.2 Results in various limit

In this subsection, we summarize the expressions 7! u%tlplet for the superconformal index

with respect to a single flavor charge (weight) in the various limits. The final answer is
given as their products over all the weights.

ull ),full w
Irfnulmplet a; P, Q7 | | multlplet (3444)
well(R)

For the vector multiplet of the simple Lie group G, R is always the adjoint represen-
tation Ad].

1 I'(Elx;p, q)
Ty (x) = — Lo 3.4.45
vector (1’) (1 — l‘)F(ZL’;p, q)F(tx_l;p, q) (1 o l’)r(l‘;p, CI) ( )
T (¥) = T(t22;p,q) (3.4.46)

vector

around . In the Macdonald limit,

where Z"): fun( ) does not coincide with P.E. [fV(p, q,t)x$4(z)] and see the derivation

gl Macdonald () . lmliecﬂofil N@) = (421 0) (1 0)s (3.4.47)
(m),Macdonald m),full o 1
Ihyper ( ) - ;li% Ihyper ( ) - (t%x, q) (3448)

where we have used ((C.1.20)).
In the Schur limit,

0(x;q)
m),Schur ),Macdonald )
I\(/eczor ( ) hm Ivector ( ) = 1—1 = (q'ri)oo (3449)
1
I(m),Schur ) = lim 1—( m),Macdonald ) = 3.4.50
hyper ( ) gt hyper ( ) (q%l‘, q)oo ( )

and, for the pair of the opposite charges,

I(m),Schur (J}i) _

_— 3.4.51
hyper 0((]53}') ( )



In the Hall-Littlewood limit,

(m),HL NERT (m),Macdonald 1 E
Ivector ($) T él_z%zvector ([L’) =1 T (3452)
1
(m),HL R T (m),Macdonald o
IhYPer (ZL‘) T (llg%zhyper (ZL‘) = 1 t%x- (3453)
In the Coulomb limit,
m),q—Coulmob . m),full (q.T, q>oo —0 1 m),Coulmob
A () o= lim Z{ " () = Toae 1=t = TS (@) (3.4.54)
m),q—Coulomb . m),full m),Coulmob
T (z) = lim ot (@) = 1= o () (3.4.55)
where T := ]% and ¢ are fixed in p — 0. We have also used the equality
lim I'(p=y; p, q) = 1. (3.4.56)
In particular, using (C.1.18),
T (1) = Wil doe (3.4.57)
I'(t:p.q)
TN 1) = (4 q) oot G) oo (3.4.58)
oo™ (1) = (g:0)% (3.4.59)
T (1) =1—t (3.4.60)
—oulmo 1 m oulmo
T ol (1) = —— = 7 (1) (3.4.61)

1 _ T vector

which corresponds to the neutrally charged vector multiplet, to say, including the photon.

Gauging process

We revisit the gauging process.

PP = / [dU] Zyector(U) 2 (U)2(U1) (3.4.62)
G
_ (Clpa/tip. ) wip) (@)™ [ Clpgt'a%p,q) 0 gpumt
_ o fla ]agg bl e (3469
_ 7{ da] f (dbln(a, b) 2 () 2(b™) (3.4.64)
and
(P;p)(4:9)

Vot = L(pa/t;p,q)(p;p)(0; ) = (3.4.65)

I'(t;p,q)
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rkg 1
X Tpat TT Llogt" a%p,q)
n(a,b) ;== L,(a)A(a)d(ab) = L2 | | d(ab) (3.4.66)
Wal en,  Tla%p,q)

where j’{ [dald(a) = 1.

Pole

We also roughly look at the pole structure. The contribution of some descendant of the
chiral operator O may have the form, at the leading order,

1
- 3.4.67
1 —prgsalo ( )
where /0 = H azf “* and a can include p, ¢ and ¢ other than the flavor fugacities.
In this case, the operator is given by (9,)" (E)s O and, at the classical level, they can
acquire the constant VEV like

~\Nn

<(8Z)m (aW) O)inﬁtinyspace ~ Uam,rgn,s (3468)
and O has a variant VEV
O ~vZw’ (3.4.69)

for large |z|, |w.

3.5 4D/2D duality : class S Schur indices and 2D
g-deformed Yang-Mills correlators

In this section, we further focus on the Schur limit. The important result throughout
this thesis is the 4D /2D duality relations. In a special case, this claims that the class
S 4D Schur indices are equivalent to the 2D ¢-deformed topological Yang-Mills partition
functions [39].

As we have seen in Sec. all the class S theories are constructed from several Ty
theories by conformally gauging some flavor groups G and by partially closing some full
punctures into required ones. Hereafter, we focus on g = su(/N). The discussion in the
g = 50(2N) case is discussed in [162].

In [39], they proposed the conjecture that, for every (good) class S theory, up to the
common overall factors depending only N and ¢, its Schur index equals to the partition
function of 2D topological g-deformed Yang-Mills theory on C' with appropriate prescrip-
tions for punctures.
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First of all, let us directly define the three points correlator as

2O 1M Dl = Y XD g5
AEP(su(N)) q

Gluing them together as discussed in Sec. we can construct the ¢-points correlators
as

4

2PN D(a = {aitio,n) = Y (dimg RO [ xala).  (35.2)

AEP(su(N)) =1

where x¢ is the Euler character of the punctured Riemann surface C'. Notice that xo =
Xc — ¢ where y¢ is the ordinary Euler character on ignoring the punctures.

The difference between Z9M (a; q) and Z5" (a; ) consists of two factors : each factor
associated to each puncture and overall factor. The factor associated to each puncture is
given by

1 1
’C(a7 Q) - IC[lN}<aa q) - Igecglt%i((l, q)1/2 QEHAdj (qaa> (353)
and the overall factor is given by
N .
N(g) = KmGa) =](d 9. (3.5.4)
i=2
Now, we have the relation
¢
5O - [1M)](asq) = M) [ [ K@) 2™ [C (- 1Y) (a) (3.5.5)

i=1

In the N = 2 case, the T, theory is just 8 free half-hypermultiplets and we already
know both expressions. However, either side (the Schur index) is the infinite product and
the other side (g-deformed Yang-Mills) is the infinite summation. To prove the equality,
we must analyze the poles and the residues. In the N = 3 case, the direct computation
of the Schur index of the T3 theory is difficult but was derived in [163] by using some
inversion formula for cycle integrals.

Next, let us consider the effect of the partial closure in Sec.[2.4.1] Recall the equation
(2.4.7). This relation and the RG invariance implies

¢ lirarg = ¢ vay (3.5.6)

where a;p is the fugacities in the Cartan subgroup of Gy and ay belong to TV=!. There-
fore, the partially closing operation on each maximal puncture is equivalent to the follow-
ing replacement [39,(77,/142] :

a4
ay —>» q 2 arg. (357)
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As for the notation used here, see the beginning of Sec. 4.3

However, in this limit, the factor K(a; ¢) diverge. Recalling the discussion in Sec. [3.3]
there appears some zero modes from the symmetry breaking of the SU(N) symmetry into
the subgroup Gy-.

As seen before, the embedding p : su(2) — su(N) for Nahm boundary describe the
mixture of SU(2)r symmetry and the flavor symmetry SU(N) because u" is the highest
weight of the SU(2)g-triplet. In other words, the SU(2)%" singlet matter in N for the
SU(N) symmetry are charged under SU(2)H? following the decomposition

N — Pn. (3.5.8)

Under the SU(2)1F x Gy symmetry, the N matter belongs to
Pn=Pm.2d, (3.5.9)

for Y = [n], Gy = S([[,U(d,)). This is true for the gauge multiplet. Under the
G — SU(Q)R X Gy,

Adj — P me R, (3.5.10)

where R, is the representation under Gy and m runs over a subset of the irreducible
representations of SU(2), namely, positive integer (dimension).

Therefore, recalling that the expression for Kpnj(a;q) is the product over all the
weights of the gauge multiplet, the reduced expression should be given by the product
of the factor (¢'*1a®; q)s (j2 — j1 = 1) over all the weights w of R4 and over possible d.
Therefore, the reduced expression is given by

v@amig) =] ]I S (3.5.11)

d well(Ry) (q TC‘IR)

where arp is the fugacity of Gy. Notice that the highest of d for SU(2)IF has the

additional

SCIs as ga®. This reproduces the rule given in [39).
By introducing the new function for each Y defined as

Da; q) = Ky (a; ¢)xrlay), (3.5.12)

charge compared to the UV where the gaugino (not all) contribute to

we write down the complete expression of general class S Schur indices as

14

T¥my. (@) =N Y (dimg RO)) [ [vn(a™;0). (3:5.13)

77777 AEP(su(N)) i=1
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3.6 Concrete computations from 2D g-deformed Yang-
Mills theory

In this section, we compare the two expressions of free hypermultiplets between the direct
computation and the g-deformed Yang-Mills theory. To this end, we expand them in the
parameter ¢ around 0 (|¢| < 1).

For any free hypermultiplet, by using (3.4.50), the expression has the form like

Thhipa(:0) = 1402 a g D7 amt +Z"2w> +0(?)  (36.)

w w1 FWw2

2
1 Z 1
=1+¢") a"+q 2 ( aw> +3 Y@ +0(¢*?)  (36.2)

w

where w runs over all the weights for the whole flavor symmetry F'.

Prefactors

For example, the prefactor associated with the full puncture is given as

1
Kum(a;q) =
- HaeAdj(qaa)OO
1
=1+ qxagi(a) +¢° Z.(am +a”) + 5 Z .aaw] (3.6.3)
acAdj a#BEAdj
+ ¢ Z (a®* 4 a®) + Z a®a’ + Z a?**? + Z a® P+ O(qh)
acAdj a,BEAd] aF#BeAdj : a,B,y€Adjdistinct

1 1

=1+ qxaqgj(a) + C]2 [§XAdj(a)2 + §XAdj(a2) + XAdj(@)]

1 1
§XAdj(a)XAdj((12) + g XAdj (a®) + xagj(a)® + XAdj(a)} + O(q*) (3.6.4)
=1+ QXAdj(CL) + q2 [XQ(Wl-FwN—l) T Xwatwy_o T 2Xw1+wN,1 + 1}
+ q3 |:X3(w1+wN,1)(a> + 2X2(w1+w1\171)(a) + 5XUJ1+WN—1 (a) +2
+ Xwi+wetwn—2+wy—1 (a> + 2Xw2+wN—2 (CL) + 2XUJ2+2WN—1 (CL) + 2X2UJ1+WN—2 (a)
+ Xws+wn_3 (a)] + O(q4) (365)

where N > 7.
When N = 2,

b
(@)oo (qai2)oo

1
+¢° |:6XAdj<a)3 +

S S S
= 140" (@ + ¢ 5" (0) + 35" P (0) + 1]
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b [ng](z)( a) + x5V (a) + 3,5V (q) + 1] +O(gY). (3.6.6)

Wehn N = 3,
1 SU(3) 2 |.5U(3) SU(3)
=1 tax <>+Q[x (a) +2x ao+q
[aeadjsus) (40%) o [11] [22] [11]
SU(3 SU(3 SU(3 SU(3 SU(3
te XBS]( (@ + QX[QQ]( '(a) + 4X[11]( (@) +2+ 2X[30}( (a) + 2X[03]( )(a)] +0(g".

(3.6.7)

For instance, for the simple puncture,

1
Kin-11(a;q) =
[N 1,1]( ) ]d\/':zl(qd)oo(qN/Qai)oo

=(1+q+3+0(@*) 1+ ¢"*@+a)+¢"* N a+at)+0O(¢", "))
T+qg+ ¢ a+a)+3¢%+2¢°%(a+a ')+ O(g?) for N =3

_ )1+ a+@la+at +3)+0() for N =4 (368)
1+q+3¢2+¢?(a+at)+ O for N=5
1+q+ 3¢+ 0(¢) for N > 6.
g-deformed Yang-Mills part
First of all, we can expand the inverse of g-dimension as
m =q"" (1 — #{a | Ao # 0} + O(¢?)) (3.6.9)
where
. %a(N _a). (3.6.10)
Therefore, the leading exponent is given by
| N1
gr =3 ; a(N — a)Aa. (3.6.11)
For characters,
Xroy(ay) =75 (fry (aCY) + O(¢"?)) (3.6.12)

where pf, < 0 for o = 1,2,...,N —1. For Y = [1V], p}, = 0. For Y = [1V],
Py = —%oz(N — a). See Table E 2| for the A5 example.
In the total expressions,

3 H;lXR(A)(ai,Yj): ST g (£ ({a)) + 0(¢'2)  (36.13)

AeP(su(N)) <d1mq R(A))~x AeP(su(N))
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and we can see that the leading exponent is linear in the dominant weight. To have a well-
defined g-series, we must require that L := (—xp®+>_ pf.y.) > 0 for all a. We conjecture
that this is always true for any good class S theories whose formal number of the Coulomb
branch operators at each scaling dimension is non-negative [91]. In particular, for bad
theories with vanishing pf y-, we can compute the Schur indices but 4 functions appear to

reproduce the symmetry breaking.

[1°] [21°] [2%17] [2°]
[0,0,0,0,0] |[L-1,-1,-1,-1] | [1, -2, -2, -2, -1] | [-1, -2, -3, -2, -1]
[1,2,3, 4, 5] [1,2,3, 4, 4] 1,2, 3,3, 4] [1,2,2, 3, 4]

[317] [321] [32] [417]

[2,-2,-2,-2, 2] | [2,-3, -3, -3, -2] | [-2, 4, 4, 4, 2] | [-3, -4, -4, -4, -3]
[1,2,3,3,3] 1,2, 2,3, 3] 1,1, 2,2, 3] 1,2, 2,2, 2]
[42] [51] [6]
[-3,-4, -5, -4, -3] | [-4, -6, -6, -6, -4] | [-5, -8, -9, -8, -5]
1, 1,2 2 2] 1,1, 1, 1, 1] [0, 0,0, 0, 0]

Table 3.2: The list for g = su(6) (As) : the puncture type Y = [n], 2p¢ , and the numbers
of Coulomb branch operators with scaling dimensions 2, 3,4, 5,6 in this order.

Bi-fundamental type : TS[C([1V], [1V],[N — 1,1])]

v W0 q) = Kv1(a; @) xr(@ 0@ =10) = 14 ¢'2 4 O(q) (3.6.14)
and
—NA —NA
a Z4a Z™ for N:evenand Ay #0
fr(a) = “NAr) 2 (3.6.15)
a 2 for N : otherwise

See (|A.1.6]) for A,

N 102 — L(N - 1o for 1 <a<[5]
psimple,L = ? 2 % 1 N 2 (3616)
;08 —s(N+1a+3N  for [F]+1<a<N-1
IR+ PamperMR)a =3 D @da+d Y (N—a)h (3.6.17)

1<a<[] [Fl+1<a<N-1

20)The author thanks Y.Tachikawa for the discussion on these things.
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where A y4+1 = 0 when N is even. Since this is strictly increasing as any A, increases, this

2
assures that the SCI is well-defined as the g-expansion around ¢ = 0.
Up to O(q), the following contributes to the computation.

¢ R=" (3.6.18)
¢*:R=0,0 (3.6.19)
¢' : R = Adj, Sym*0, Sym?*0, A0, A’0O (3.6.20)

When N > 3

Z(a;q) = 1+ ¢"* [2xa(a)xa(b) + 2 xa(a)xa(b)]
+ ¢ [2* (xneo(a)xa2o(b) + xeo(a)xeo (b)) + 272 (X pea(@) X a2 (b) + xea(a) xea(b))
+ (xagi(@) + 1) (xagi(b) + 1] + O(¢*?) (3.6.21)

>0
H

~—

By using the equality
xo(a)xo () = 2xa0(a)xa0(b) + 2xm(a@)xen () — xola)*xa(b)?, (3.6.22)

the above expression matches with the original expression (3.6.2)) up to ¢*-order.

Second rank anti-symmetric type

In this case,

1
a; } for 1 <a< [Y]
L¢ = (3.6.23)
N-a+1
ot } for [TH] <a<N-1
2
and, up to O(¢'/?),
¢ :R=" (3.6.24)
¢*?: R =0,0, /%0, A0 (3.6.25)

In case that N = 2n is even, by, = (¢”b1,¢”b2) (biby = 1) and cpp-11 =
(qPrc1, qP* ey, c3) (cich'es = 1). On the other hand, in the case that N is odd,
7 7 AN g g ~ ~ ~ ~n+l~n
D] = (g7°b1,¢P"ba, b3) (by by by = 1) and Cpp1 = (¢ 61, ¢7G) (G"H&" = 1).
From the concrete computations, we will find the relation between two as

b=(b1/b)"? ¢ = (biby)"/?G for i=1,2. (3.6.26)

When N = 4, SU(2) and U(1) fugacity is given by ¢ = cicp (¢7' = ¢1c3) and ¢; respec-
tively.
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At ¢*/? order, the Schur index is given by

¢ XSU(N)(a)XéU@)(b)cl + XigD(N)(a)clcg + (c.c.) (3.6.27)

where (c.c.) is obtained by replacement of each fugacity = by z~!.

Using the above computations, we can determine the undetermined U (1)-charges as

N =4

(4,2,1,1) @ (4,2,1,—-1) ® (6,1, 2,0) (3.6.28)
N : even

(N,2,(1,0)) @ (N,2,(—1,0)) @ (A°N,1,(1,1)) ® (A*N, 1, (-1, -1)) (3.6.29)
N : odd

(N, (2,1),1) & (N, (2,-1),-1) & (A\’N, (1,2), - 27) & (A’N, (1 - 2), i%5)  (3.6.30)

where we adopt the normalizations of U(1)-charges as ¢; (N = 4), ¢1,¢2 (N @ even) and

b1, ¢ (N : odd).

Exceptional case 1 : TS[C([1¢],[23],[4, 2])]

In this case,

L% =(1,2,1,2,1) (3.6.31)
and
¢ :R=" (3.6.32)
¢?:R=0,0 A0~ A0 (3.6.33)
Up to ¢'/2,
Ies)g].?;eehyper(aSU(G)v bsu), cuay;q) =1+ q'? [xs(a)xs(b)c+ xg(a)xg(b)e™! + x20(a)] + O(q)
(3.6.34)
and then we can find
(20,1,0) ® (6,3,1) ® (6,3, —1) (3.6.35)
is the answer.
Exceptional case 2 : TS[C([2,14],[23],[32])]
L*=(1,1,1,1,1) (3.6.36)
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and

¢ R=" (3.6.37)
¢?  R=n"0 for a=1,2,3,4,5 (3.6.38)
(3.6.39)

The computation supports
(6,1,2,0) ® (4,3,1,3)® (4,3,1,—-3) ® (1,3,2,1) ® (1,3,2,-1) (3.6.40)
which exactly coincides with the analysis before up to U(1) charge.

3.7 Defect indices

Now, let us turn to the system with defects. If we have (BPS) defects, they break the
original superconformal symmetry into the less one. The strategy to define the SCI is
totally same if we use the unbroken superconformal algebra. However, in general, the
number of fugacities is reduced and several unitarity bounds are no more true.

In our case, the full superconformal algebra is su(2,2|2) and its bosonic part is
SO(4,2) x SU(2)g x U(1), in the Minkowski signature. The Cartan subalgebra is h =
u(1)1 ©® u(1)2 ©® 50(1, 1)D ©® U.(l)] ©® U(l)r.

3.7.1 SCIs with surface defects

There exist two special types of surface defects which preserve the bosonic subalgebra
gls’urf,i = 50(2,2); p xs0(2);. For both cases, whole the Cartan subalgebra remain unbroken
bewt = b and we can define the full SCI.

However, as discussed in Appendix. some unitarity bound do not hold. This
breakdown of the unitarity bound do not ensure the well-definedness of SClIs.

3.7.2 SClIs with loop defects

In this case, gf,; = 5[(2,R) ®50(2); ® 5u(2)g. The rank of Cartan subalgebra is reduced
by 2. Indeed, the SCI is defined only in the Schur limit. See Appendix. for the
detail.

3.8 2D toplogical ¢-deformed Yang-Mills theory

In this section, we briefly explain the basis facts about 2D ¢-deformed Yang-Mills theory.
Instead of giving the statistical mechanical rigorous definition based on quantum groups
[164] [73], we see that they give a 2D TQFT correlators.

See [74,|165] on the g-deformed Yang-Mills, and see also a review [72] when ¢ = 1.

2D1n the appendix convention, the loop operators defined at another Schur limit p = ¢ which exchange

the two C planes.
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3.8.1 Brief reviews on the partition functions and loops expec-
tation values

In this section, we review the following three points :

1. Formula for no network defect cases
2. Gluing (= gauging process on the 4D side)

3. Formula in the presence of loops

Let us introduce the g-number as

qn/2 _ q—n/2

dim, R denotes the g-dimension of an irreducible representation R. See (E.1.7) for its
definition.

1. Formula for no network defect cases

When C is a genus § Riemann surface with 7 punctures with SU(N) holonomies, [2)] its
partition function I/5({z}) is given by [74]

n

I5({z}) = ) _(dim, R)@ [ [ xr(=) (3.8.2)

R i=1

where R runs over all unitary irreducible representations of SU(N), {z} represents the
set of holonomies and i is the index of punctures.

For each summand labelled by R, we can represent the Riemann surface with which
R is assigned. This interpretation will be important later.

2. Gluing

There is a natural operation, gluing, which identifies two holonomies on different punctures
and connect them geometrically. On the 4D SCFT side, there are two SU(N) flavor
symmetries which are identified by adding the vector multiplet [149).

If we have two pairs of a Riemann surface with punctures and generic networks on it
allowing the case of empty, which are denoted by (C4,T"4) and (C,T'p), we can construct
new one (Cap,I'4a UTp) by gluing each pair of several punctures. See Fig. 3.1l Let
Icr({z}) be the expectation values of the 2D topological ¢-deformed Yang-Mills theory
on C with a Wilson network defect I'. The corresponding expectation values can be
constructed as

Teracry (@) 101 = IT (s ) Toars (1 b lcpr (1 8) (383

i

22)In the language of class S theory, they are called maximal (or full) punctures.
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Figure 3.1: Any Riemann surface can be constructed from more fundamental ones by
gluing pairs of punctures as dashed lines.

where [dz]gaar is the Haar measure of SU(N) introduced in (3.2.22)), {z} are gauged fugac-
ities and {a} and {b} are ungauged ones on C4 and Cp, respectively. The independence
of the order in the glues is obvious.

3. Formula in the presence of loops

According to the result in [47,48], the SCI in the presence of 4D loop operators turns out
to coincide with the VEV of Wilson loops in the 2D g-deformed Yang-Mills as discussed
in [75). This can be obtained by simply adding the corresponding SU(N) character on
gluing as seen soon later.

In this case, I' is a pure loop 7 along a one cycle in C' as depicted in Fig. [3.2 Let us

Figure 3.2: A 2D Wilson loop in Ry, around the cylindrical part in C.

cut along the Wilson loop labelled by an irreducible representation Ry, which is exactly
the reversed operation to the previous gluing process, and assume that they are separated
after the cut for simplicity. Let z denote the new holonomy or fugacity along the new
boundary cycle. Using the new Riemann surfaces C'y and C'z which have two additional
punctures in total compared to C', we can express the Wilson loop expectation value of
the 2D g-deformed Yang-Mills as

I ({a}) = ;K[dzh{aHthv<z>ch<z-l,{a})ch<z,{b}) (3.8.4)

= 3 Ny (dim, Ra) s (dimg Be)<s [ vaa(a) [[xnas)  (3:85)
Ra,Rp i i

Z3)1f not, it is enough to replace two expectation values I, and I¢, by a single one in ([3.8.4).
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Rp<----A------ Rp

Figure 3.3: Two adjacent regions across an edge labelled by Ryy.

where Np RWR“ is the Littlewood-Richardson coefficient which counts the multiplicity of

the representation R4 appearing in the tensor product of R and Ry,. The recursive
applications can give the computations in all the general cases that I' consists of multiple
loops and networks.

If we have two isolated regions across an edge labelled by Ry, to each summand in
, we can assign irreducible representations R4 and Rp to C'4 and Cp, respectively.
See Fig.. The summand vanishes unless Np, RWR“‘ # 0 and then we have the constraint
Rp € Ry ® Ry meaning that the irreducible decomposition of Ry ® Rp includes Ryy.
In particular, in our convention, the charge on each edge is a fundamental representation
A°C] and the above constraint on R4 and Rp becomes powerful, which will turn out to
be useful in the analysis in Sec. [4.5.2]

Let us make a few remarks. When Z5 denotes the center charge of R, this constraint
leads to Zr, + a = Zr, mod N when Ry = A®L). This implies that the expectation
values vanish unless all the intersection numbers of any one cycles with the Wilson
networks vanish. For example, in the case that C' is an once-punctured torus, the expec-
tation value of the fundamental Wilson loop along a-cycle vanishes. In particular, when
the puncture is special called simple or minimum, this introduces a Wilson loop in [ in
some duality frames on the 4D SU(N) gauge theory side but it is localized at a point in
S3 which is a compact space. Its center charge is not screened by the dynamical matter
because all belongs to the adjoint representations and this theory is anomalous because
there is a single source with a non-trivial Abelian charge on the compact space [12,166].

2)We define it by summing up all the intersecting edge’s charges flowing from the left to the right along
the one cycle following its orientation.
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Chapter 4

Geometrical Eyes on Class S Defects

Now that we have reviewed several subjects necessary to discuss the geometrical descrip-
tions of 4D BPS-defects originating from the codimension four defects in 6D.

The first discussion in this approach was done in [25]. In that paper, they constructed
a bijective map from the non-intersecting (unoriented) loops on C' to the charge lattice
of Wilson-"t Hooft loops of the associated 4D theory when g = su(2). In particular, the
natural “coordinate” on the collection of loops called lamination corresponds to the choice
of duality frames via the pants decomposition. See Appendix. [G] for the details.

There arise several questions :

e Why non-intersecting ?
e How can we extend the results to higher rank cases (g = su(N)) ?
e What the intersections mean physically ?

The answer to the first question is simple [26]. The reason we only have to consider
non-intersecting loops on the Riemann surface for the A; case is the existence of a skein
relation resolving each crossing into a sum of two non-crossing ones :

\/ :q—1/2 ) ( _|_q1/2 (401)
\ —

where q = ¢™” in the Liouville theory and q = ¢%/2 in the ¢-deformed Yang-Mills.

Next, let us move to the answer to the second question. However, in the higher rank
cases, namely for SU(N) with N > 2 or equivalently for Ay with k = N — 1 > 1, there
is no such simple skein relation, since junctions of lines inevitably appear. This results
in the network of lines on the Riemann surface, as already mentioned in [28,67]. Such
networks were treated and discussed in [62/68], putting special emphasis on the SU(3) case.
In [62] the analysis was mainly carried out using the approach of the higher Teichmiiller

DThe same objects are also called as webs or spiders. In this paper, we only use the terminology
networks.
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theory classically (q = 1), and in [68] the study was done mainly in the framework of
Toda CFTs for general q. These analyses gave rise to the skein relations that had been
discovered in the context of mathematics before [167].

One of our aims in this chapter is to describe the skein relations of the networks in
the general SU(N) case. We have, for example, the relation

O O
\ = q%fl + q% /\2D (4.0.2)
O O ] [l O O

that reduces to the equation (4.0.1)) when N = 2. These skein relations were first found
in |168] in the context of knot invariants.

The guiding principle for us is that the representation theory of the quantum group
SUq(N) underlies these networks and their skein relations. The relation of the loop
operators of 2d CFTs and the quantum group has been known for quite some time,
mainly in the context when q is a root of unity, see e.g. |[169]. In the case of 2d ¢-
deformed Yang-Mills, the relation of their loops and the quantum group is very direct,
because the g-deformed Yang-Mills is a gauge theory whose gauge group is the quantum
group [73|[164]. This is one of the main subjects in Sec. [4.2]

Finally, the answer to the third question is given in Sec. [£.1]

At this stage, let us define the class S skein relations.

Class S skein relations

Once we have introduced the 3D geometry discussed in Sec. [£.3.2] the meaning of skein
relations are exactly same as those in the knot theory. Instead, throughout this paper,
we use the skein relations in the following sense.

Let W, [I']({a}) be the expectation value of the 2D Wilson network operator associated
with I" in the 2D g-deformed Yang-Mills theory. {a} are all holonomies around punctures
of C'. And let us consider two sub graphs v4 and vg. For any pair of two graphs I'4 and
' which include v4 and vp respectively but are same on removing these sub graphs,
when the equality shown just below always holds true, we identify v4 and yg and write
this as 4 ~ vg. The equality is

Wyl al({a}) = Co(va = 18)We[l's]({a}) (4.0.3)

where Cy(v4 — 7p) is a function of only ¢ and independent of all holonomies around
punctures and is also determined by v4 and vz only. || Notice that, in many cases, this

2In all examples we know, C, is a product of a polynomial of q% and a monomial with a negative
rational power of ¢. In addition, C; = Cy-1 always holds true. This comes from the symmetry (an
assumption, however) of the 2D g-deformed Yang-Mills theory. Actually, we can compute the skein
relations in the 2D topological ¢-deformed Yang-Mills theory not in the Schur indices because they differ
by just the overall factors.
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relation is enough local and independent of the choice of C'. Now we have the equivalence
relations ~ and refer to them as the ”skein relations” hereafter.

Finally, we make a few comments. Under the parameter identification ¢ = e
[75,[170] where b is a physical parameter in the Liouville/Toda CFT, the skein relations
are common both in the CFTs and in the 2D ¢-deformed Yang-Mills theory. This is
because the skein relations are expected to be the local relations about codimension four
defects in the 6D N'=(2,0) SCFTs and to be independent of the four dimensional global
background geometries, namely, the choice of Sy or S* x, S3.

Notice also that the crossing skein relation may suggest the new direction of the 2D
g-deformed Yang-Mills theory but the appearance is not so obvious in this 2D theory
itself. However, this class S picture from the 6D AN'=(2,0) SCFTs strongly suggest that.
See also Sec [4.3.2]

Finally, we dare to say that the above definition is a bit incomplete. Indeed, we will
discuss new kinds of skein relations in Sec. 5.2l

2mib?

4.1 Loop operators in 4d and skein relations in 2d

In the Liouville theory, a Verlinde loop operator is defined in terms of monodromy actions
on the conformal block F along a loop ~. It is possible to insert more than one Verlinde
operator and L., L, F # L., L,,F in general when v4 and g intersect each other, as
we see from the concrete calculations. See Fig. for an illustration.

V4

Vs < K”YA‘C’YB %L"’YBL"’YA < K

Figure 4.1: Non-commutativity of actions of loop operators.

Under the 2d-4d correspondence, the Verlinde operators map to loop operators of the
4d theory. Therefore, there should be a concept of ordering of loops on the 4d side, such
that the product becomes non-commutative. In this section we review how this ordering
arises, following [47},49,50,[83]. See also the recent reviews [171}/172].

4.1.1 Sums and products of loops

We consider the 4d set-ups where some kind of localization computations is possible.
Typically there is a supercharge preserved in the background, whose square involves a
linear combination of two isometries k; 5. Supersymmetric loops wrap along the direction
of k; and sit at the fixed point of ks.
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In the neighborhood of the loop, we can approximate the geometry as S' x C x R,
where k; shifts the coordinate along S! and ks is the phase rotation of C. The loop now
wraps S! and sits at the origin of C, and the position x € R is arbitrary. Therefore, we
can place multiple loops Lo . on 1, . preserving the same supercharge.

This gives an intrinsic ordering of loops on the 4d side, and furthermore, the expecta-
tion values are unchanged under infinitesimal changes of the positions x;. The choice of
the local supersymmetric background at a loop can be characterized by a single parame-
ter which we denote by q. These statements can be explicitly checked in the case of the
localizations on St x S3 [28], S x R? [49] and S} [30].

Given two types of loop defects L; and Lo, we denote loops placed at = € R by L;(x).
We define a formal sum L; 4+ Lo of two loops by

(- (Lo + Lo)(2)) := (- La(2)) + (- La(2)) (4.1.1)

where the ellipses stand for other operator insertions. The product L; - Ly of two loops
are now defined by

(oo (L1 Lo)(x)) = (- Li(z1) La(2)) (4.1.2)

where we demand x; > x > x5 so that L; and Ly are the loops closest to x from the left
and from the right. Since the expectation values depend only on the order but independent
of the relative distance, this gives a consistent definition.

At this stage, we can make sense of the operator product expansion for defects. Sup-
pose that there is a set L; o . of loops which cannot be decomposed into any sum of other
simpler ones. We then have the following expansion of correlation functions

(- Li Ly(x)) = Y clya)(--- Ly(x)) (4.1.3)

k

that can be written succinctly as

Li-Ly =Y ci(q)Ls. (4.1.4)
k

The OPE coefficients cfj(q) are asymmetric under the exchange ¢ <+ j due to the intrinsic
ordering along R. However, we can simultaneously flip the R direction and S* direction
in the local S' x C x R geometry to obtain another supersymmetric background. The
background is parameterized by q as remarked before, and we use the parameterization
such that this flip is represented by q + q~!. Then we should have the relation

ciy(a) = ia™). (4.1.5)

There is also an order for the defect networks on the two dimensional geometry side.
In order to make the relation between two orders, let us consider the case when the 4d
side is Sy and the 2d side is the Liouville/Toda theory [17,]38]. In this case the Verlinde
operators associated to the networks on the 2d side act on the space Hcons of conformal
blocks, and the loop operators on the 4d side act on the space Hpem; of holomorphic
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gat 72 T

/ s LyL,la) L,
/ L

72

networks in 2d operators on ‘H loops in 4d

Figure 4.2: Left: the part of networks v, and ;. For any other crossing of v; 2, 71 is
always above 7. Middle: the expressions acting on H = Heont = Hhemi- Right: the
ordering on the 4d side, along R.

Nekrasov partition functions defined on a hemisphere [26,27,46,68]. Since Hcons and
Hiemi are naturally isomorphic, we can see the relations among three orderings as shown
in Fig. 4.2

Corresponding to , there should be the operator product expansions of defect
networks which are indeed skein relations as resolutions of the crossings. In Sec. we
will see that we can calculate many OPE coefficients in terms of defect networks.

4.1.2 Non-commutativity and the angular momentum

Let us recall the origin of the non-commutativity when the geometry is globally S x C xR,
following the discussions in [49,83]. Considering the S! as the time direction, the partition
function of S x C x R is given by

Q = Try [(—1)7e>™ ] (4.1.6)

where H is the Hilbert space of the system, J3 = J3 + I3 is the sum of the spin along R
and the Cartan of the SU(2) R-symmetry. Our parameter q is then given by q = ™.
Suppose now that we have a U(1) gauge theory, that the first loop L; is purely elec-
trically charged with electric charge e and that the second loop Ly is purely magnetically
charged with magnetic charge m. Then there appears the Poynting vector carrying the
angular momentum Jp = (h/2)em along the R direction. The magnitude of Jp is inde-
pendent of the distance between two particles but the sign depends on the ordering, and

therefore we have
Ll . L2 = q—2emL2 : Ll- (417)

In the classical limit (q — 1), this product becomes commutative.

4.2 Networks and skein relations in 2d

In this section we discuss possible types of networks in class S theories of type SU(V)
and their skein relations. Our guiding principle is that they are described by the struc-
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ture of the quantum groups underlying both the g¢-deformed Yang-Mills and the Liou-
ville/Toda CFT, and that the skein relations are universal under an appropriate parame-
ter identification. The skein relations exhibited below already appear in the mathematical
works [168],/173,/174], up to the overall factors and the changes in conventions.

Skein relations introduce equivalence relations among all possible networks, and it
would be extremely useful if we can pick a natural representative element out of a given
equivalence class of networks allowing linear combinations of networks. In this thesis we
at least give a general method to simplify a given network:

e In principle, edges in a network can carry arbitrary representations of SU(N). We

will first rewrite them in terms of representations A for k =1,..., N — 1. These
are the fundamental representations in the mathematical terminology and within
the diagrams we just denote them by 1, 2, ..., N — 1.

e Then we rewrite all crossings in terms of linear combinations of junctions that are at
most rectangular. The concrete formulas are given in (4.2.36). We call this process
crossing resolutions.

In the A; case, these procedures eliminate all the crossings and no junctions remain,
thus reproducing the classification in [25]. In the Ay case, we will see that all digons
and rectangles can be eliminated, and we will find a natural representative for a given
equivalence class of networks. We will detail this process in Sec. [5.3.4]

Hereafter we use a version of the standard quantum number defined as

(n) = (—1)" ] == (-1)”1—q:__$_1n (4.2.1)

and the factorial defined as
0)!' =1, (n)! = (n)(n — 1) (4.2.2)

As this section is rather long, let us pause here to explain the organization: in
Sec. we start by recalling that codimension-4 operators of the 6d N'=(2,0) theory
are labeled by representations and they can have junctions corresponding to the invariant
tensors. In Sec. we describe how an arbitrary representation can be rewritten in
terms of just the fundamental representations of the form A*. In Sec. we then
describe the trivalent junctions where three edges labeled by fundamental representations
meet. In Sec. [£.2.4 we show how a crossing of two edges can be rewritten in terms of
junctions. We start from the crossing of two edges labeled by [J and then describe the
general case. In Sec. we summarize the Reidemeister moves that are fundamental
equivalence relations guaranteeing the isotopy invariance. In Sec. we note other
useful skein relations that can be used to simplify networks. Finally in Sec. [4.2.7, we
explicitly display the skein relations for A, and As.

3)Contrary to the standard physics usage, we do not restrict the fundamental representation to be the
defining N-dimensional representation in this thesis.
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In general, it would also be important in the class S theory to study skein relations
with full and other punctures in [14] or networks ending on other punctures. We do not,
however, consider such objects in this thesis.

4.2.1 Generalities

Before proceeding, let us first recall the fact that a codimension-4 operator of the 6d
N'=(2,0) theory of type SU(N) has a label given by a representation of SU(N), and how
a multiple number of such operators can be joined.

A cylinder of the N'=(2,0) theory gives rise to a 4d N'=2 vector multiplet with gauge
group SU(N). On the 4d side, then, we can consider the Wilson loop operator in a
representation R of SU(NN). This should come from some codimension-4 operator of the
N=(2,0) theory wrapped around the cylinder. Then this codimension-4 operator also
needs to be labeled by a representation R.

When we multiply two parallel Wilson loops with representations R; and Ry, we get
a Wilson loop with representation Ry ® Ry, and the product is commutative. The same
should be then true among codimension-4 operators of the N'=(2,0) theory.

On the 4d side, three Wilson loops in representations R; 23 can be joined at a point
consistently if R; ® Ry ® R3 contains an SU(N) invariant subspace, or equivalently when
there is an invariant tensor in this triple tensor product. The number of independent ways
to join them is given by the number of linearly independent invariant tensors. Then, three
codimension-4 operators of the N'=(2,0) theory labeled by R; 23 can be joined along a
one-dimensional subspace when there are invariant tensors in Ry ® Ry ® R3. The number of
distinct ways to connect is given by the number of linearly independent invariant tensors.

Since this should be an intrinsic property of codimension-4 operators of the 6d theory,
we can join three codimension-4 operators along a one-dimensional loop on the 4d side.
This gives a junction of three edges labeled by Ri, R, R3 on the 2d side. Using many
such junctions, we end up having networks on the 2d side.

4.2.2 Restriction of labels

First, note that Wilson loop on the 4d side in a representation R in a direction can be
thought of as a Wilson loop in the representation R in the opposite direction. This feature
should also be carried over to the codimension-4 defects of the N'=(2,0) theory, and to
the networks on the 2d side. This can be represented diagrammatically as

— >R = R*<——. (4.2.3)

As it is cumbersome to use arbitrary representations R as labels, we next rewrite
them in terms of fundamental representations A*(J, k = 1,...,N — 1. An irreducible
representation R can be specified by a Young diagram (¢;) where ¢; is the number of boxes
. 3 o k . _ k
in the i-th row, so that > ¢; = N. For example, A" is represented by (1 1 1k. 1) = (1%).
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Note that any symmetric polynomial of N variables x1, xs, ..., x5, under a constraint
21To...xN = 1, can be written as a polynomial of the elementary symmetric polynomials.
As a character xg(diag(zy,...,zx)) of SU(N) in a representation R is such a symmetric
polynomial, and xix)(diag(zy, ..., 2y)) for k =0,1,2,..., N — 1 are exactly elementary
symmetric polynomials, this means that any representation R can be decomposed as the
direct sum (allowing negative integral coefficients) of the tensor products of AFO.

For example, we have the equalities

X2 = X() — X(12); X(21) = X(12)X(1) — X(13), (4.2.4)
X@3) = X:(JH) - 2)((12))((1) + X(13), X(22) = X(a2)Xa2) — X(1)X(@13)

which we can diagrammatically depict, in the case of closed loops, as
O

These relations are locally applicable on parallel edges. Therefore, we can insert some
punctures or networks inside the circle, for example.

O O
o ©
oo}
©
Qw

4.2.3 Canonical junctions and removal of digons
Canonical junctions

Now our edges are labelled by the fundamental representations A*(J, k = 0,1,..., N — 1.
We can just use the integer k to label the edge, and an edge labelled by 0 can be removed.
Reversing the orientation now corresponds to replacing the label £ by N — k. An edge
labeled by & has charge k under the center of SU(N), and therefore we call these integer
labels as the charge.

For each trivalent junction, the sum of three inflowing charges must equal to zero
modulo N. Say we have three edges labelled by a, b and ¢ = a + b. There is only a
single invariant tensor in A0 ® A’ ® AY~°[J, and this corresponds to the projection
from A0 ® AO to A=, Therefore, there is no need to place a label on a junction
to distinguish the possible invariant tensors.

Sometimes these labels k are then taken to be defined modulo N as in [62,68], but it
is useful to consider them just as integers between 0 and N — 1. This is because we can

4)Note that it is a special property of Ay that there is the one-to-one correspondence between the set

of the fundamental representations A*J including the trivial one and the charge under the center.
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write down the invariant tensor rather explicitly using the quantum group representation
theory when the net inflowing charge to a junction vanishes in Z. We call such a junction
canonical. We call a junction non-canonical if the net inflowing charge vanishes only in

Zy. See Fig. [4.3] for examples.

c N-—-b—c c N-b—c¢

canonical junctions non-canonical junctions

Figure 4.3: Canonical and non-canonical junctions

Let us now describe the invariant tensors associated to the canonical junctions. Let

[J be spanned by the vectors ey, ..., ey. We define the g-deformed wedge product by the
rule

e; N\ €; = —q¢; VAN €;, (Z S j) (428)

where in particular e; A e; = 0 where we do not sum over ¢. This defines the projection 7
from O ® O to A2 by
T1,1—-2 - € X €5 — €; N €;. (429)

Furthermore, A%20J can be naturally embedded within (J ® O by the rule
los11 e Nej = —qe; Qe;+e; Qe (i < 7). (4.2.10)

More generally, we associate to any canonical junction that combines labels a, b to
a + b the projection

7Ta,b_>a+b26,’1/\"'/\61'“@6]'1/\"'/\6]'17|—>€il/\"'/\€ia/\6jl/\"'/\€jb (4211)

and to any canonical junction that splits the label a+b to two labels a, b the map tq4p—qp
where

Latb—sab * €y N N €y
ab -1 n(z,],k)
= (—q) S (g ) e AN, @e A Ney, (4.2.12)

11 < <lg, J1<<Jp

where we assume ky < --- < k4, the sum is over the disjoint split of indices

{kty oo kasn} = {iny - iay U {g1, o), (4.2.13)

and n(7,j; k) is the minimal number of adjacent transpositions to bring the sequence
Uy ylayJ1s---5 76 t0 k1,. .., keyp. These maps are described in more detail mathemati-
cally in [175].
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Then these maps g p—q+b and Lg4p—qp Naturally combine according to the following
diagrams together with the ones with reversed arrows:

d d
;{\ _ /k a2
a p ¢ a p ¢
a d a d
>_f_< = I : (4.2.15)
b ¢ b ¢

Herex =a+b=d—-c,y=b+c=d—aandd=a+0b+c.

or equivalently

Removal of digons

Now, we can check that any digons can be removed as

k (4.2.16)

where Zia =k.

a=

1
Note that in the classical limit ¢ — 1 the prefactor becomes

k!

_1 Za<biaib—
(=1) i1lig! - - 4!

(4.2.17)

due to the fact that the classical limit of 444 ap is (—1)%° times the standard map that
follows from the classical epsilon symbol.

This somewhat unusual sign is however necessary to match with the known skein
relations in the Liouville/Toda theory, and it also simplifies the signs appearing in the
general crossing resolutions (4.2.36). In the g-deformed Yang-Mills theory it would be
more conventional to drop this sign and the canonical junctions would be defined to be
Tabsary and (—1)%u,44 5. Notice that this convention change exactly corresponds to
that of the Fermion number convention of SCI on the 4D side discussed in Sec. . Concretely
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speaking, the choice corresponds to the Liouville/Toda convention at the skein
relation level. We will stick to the Liouville/Toda convention in this chapter.

When the sum of 7; is N, we can use the rule to evaluate a network with two trivalent
junctions, since edges labelled by N can be removed. For example, when i + j + k = N,

we have
. (N)!
z@ = R (4.2.18)

More simply, we can evaluate a closed loop with label k by considering it as a digon with
edges labelled by £ and N — k:

k
_ )
O ~ RN — k)

= (=) NPy o (diag(@¥ 1 gV, gt ) = (= DPYR dimg AFOL (4.2.19)

Again, this shows that our convention is different by a factor of (—1)*™=*) from the
convention in the g-deformed Yang-Mills. We also see at this point that, to compare with
the skein relation of the Toda theory or the g-deformed Yang-Mills theory, we need to use
the relation

q=e" = gi2. (4.2.20)

4.2.4 Crossing resolutions

The R matrix

Let us first discuss the best-known case: the R-matrix for O® O of SU(N), which is given
by

R =AQ+q 'ngn). (4.2.21)

Here, Iy is the identity operator on a vector space V', () is an operator
Q=) ei®ei—a) eu®@e;—q"') ean®ey (4.2.22)

where e;; is a matrix whose only non-zero entry is 1 at the i-th row and j-th column and
A is the overall normalization which we will be fixed later.
The action of () on the base e, ® ¢, of 1 ® [ is

ep @ €q — ey X €y, (a < b)
Qea ®ep) = 10, (a="0). (4.2.23)
ey ®eq —q te, ey, (a>0D)
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The resulting entries are the basis vectors of the second rank antisymmetric representation
of SU4(N). Indeed, the operator @ is the composition of the projection my 12 : O® O —
A0 and the natural embedding ¢y, 1,1 : AZO0 — O ® O:

Q = o111, 152 (4.2.24)

Note also that () satisfies
Q*=-(q+q")Q=(2)Q. (4.2.25)
This is a special case of the digon elimination.
We can now represent the R-matrix R diagrammatically as

0 0
X o
_ ANO 4 gt . (4.2.26)
\ A
O 0 O O O 0

The inverse of the R-matrix R is

R = A7(Q + qlusc) (4:227)
that we represent as
O O
V/\ = A1 E‘j +q T T (4.2.28)
U O O d O O

Below, we call the crossing (4.2.26|) as positive and the crossing (4.2.28|) as negative.

The A;-case: In this case, /\2 [J is the trivial one-dimensional representation and there
is the pseudo-reality condition [J ~ [] which we can diagrammatically write as

——> [0 = O< = . (4.2.29)

Then the general equation (4.2.26]) reduces to

\/ = q 12 ) ( + q*/? : (4.2.30)
\ —

where we have set A = q'/2. We then have

g2 X —q'/? X = (a7 —q) ) ( (4.2.31)
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These reproduce the standard skein relations of the Liouville theory found in [26,27] under
the identification q = ™",
The relation Q2 = (2)Q shows

O ~ (%) = —xaldiag(a,a ). (1232

From this we see that q = qéézl where ¢scr is the parameter used commonly in the liter-
ature on the superconformal index. The minus sign here is a convention common in the
Liouville/Toda literature, i.e. the definition of a loop in the representation (1 differs by
an overall minus sign between the Liouville theory and the ¢g-deformed Yang-Mills.

The Aj-case: Here we have O = A’ [, and therefore we have
—>0 = NO«——. (4.2.33)

As we now only have one type of the label [, we can drop it altogether. The general
R-matrix (4.2.26] m ) then becomes

XX |

where we have set A = q'/3. This reproduces the fundamental skein relations of the SU(3)
Toda theory found in [68], again under the identification q = eimd*

General case: The analysis so far suggests that we should take

1
A=qN (4.2.35)

in general. As we will see soon, this is consistent with the general crossing resolutions

(14.2.306)).

General crossing resolutions

Now let us move on to the crossing resolutions in the general case. The expression was
found in [168] up to an overall factor, which we quote here:

a b
a b s a jl
ab — N
\ =av 2.4 ir Aa+b—i (4.2.36)
\ i=0 -
b—1
b a



where s = min(a,b, N —a, N —b) and a,b = 0,1,2,..., N — 1. With this choice of the
overall factor, this equality is invariant with a reversal of an arrow and the rotation of
the diagrams by 90°. Note also that when a = b = 1, this equality reduces to we
already discussed.

Let us introduce the names to the fundamental objects on the right hand side of

[4.2-36)):

a b a b
ajZ b:l
Qal()i) = 1A Aa+b—171 T a+b—1iA Al . (4237)
b’ 1 a—i
b a b a

Note that the number of possible choices of i matches with the number of irreducible
summands of the decomposition of the tensor product A°C] @ A’C]. We expect that all
these Qal(’i) cannot be further decomposed as parts of networks.

The intersection number and the powers of q

Let us briefly discuss the significance of the prefactor qaﬁb in (4.2.36). In general, two
loop operators in a class S theory of type SU(/N) can be mutually nonlocal, and the
nonlocality can be measured in terms of the Dirac pairing that takes values in Zy [176].
In terms of the 2d networks realizing the 4d loop operators, the Dirac pairing is given by
their intersection number. We can define it by assigning a local intersection number to a
crossing as follows:

a b a b

\ 4 ab, / : — ab. (4.2.38)
AN /

This is consistent with the reversal of arrows, since it sends the label a to N — a.
The intersection number I(I'1,T'5) of two networks I'; and T’y is then defined by sum-
ming the contributions from all the crossings:

Z sign(c)aMal? € Zy (4.2.39)

c: crossing

where sign(c) is the sign of the crossing ¢ and at is the charge of T'; at c.

In the Liouville/Toda setup, we expect the expectation value of any network without
crossings is a single-valued function of ¢ = e™” invariant under q — €?™q. Similarly,
in the superconformal index, the expectation value of a loop operator on the 4d side is
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a single valued function of q = qég, since the index is a trace Tr [(—1)"¢®~3] and the
scaling dimensions A of a class S theory are integral or half-integral.

Non-invariance of the expectation value under q — €?7'q then captures the mutual
non-locality, and we can think of the prefactor qaﬁb in as encoding the difference
in the local intersection number between the left hand side and the right hand side, to keep
track of this non-locality. The difference in the powers of ¢ among different summands
in the resolutions of the crossings should be integral, and the relation (4.2.36) indeed
satisfies this requirement.

SL(2,Z) action on the torus

We can define the operation I which we call the inversion by reversing all the arrows
simultaneously. This is an involution that we can identify with the charge conjugation on
the 4d side.

When the network is on a torus, we can also consider the action of SL(2,Z) on the
networks. Two basic actions are the T-action and the S-action. T' corresponds to sending
a— «a, f— f+«aand S corresponds to a — £, f — —a, where a, 8 are two bases of
the 1-cycles on the torus.

The operation C' = S? generates the center of SL(2,7Z) and is the charge conjugation
action in the 4d M'=4 SYM theory. Then we need to have two operations, C' and I,
to be consistent on the torus. The relation (4.2.37) relating two forms of the networks
representing the same object Q“l(’i) is exactly the one required to have C' = I, when these
networks are put on the torus and open edges are connected to the opposite ones.

4.2.5 Reildemeister moves

In knot theory, a projective representation in two dimension of knots and links in a three
dimensional space is not unique, and any different representations can be mapped to each
other by a combination of three so-called Reidemeister moves, see e.g. [177]. The move
I straightens a twist in an edge, the move II slides one edge over another edge to two
parallel edges, and the move III changes the order of three crossings. In the presence of
junctions, we need to add another move, where we move an edge over a junction. We call
this as the move IV.

Since we expect that the charge of a loop in the 4d theory is determined by the isotropy
class of networks, we would like to require that a network is invariant under these moves.
This is indeed possible for the moves II, III and IV, but the move I results in a g-dependent
factor. In the context of 3d Chern-Simons theory, this can be understood from the change
in the framing of the link [70]. Let us describe these moves explicitly below.

R-Move II: This relation says that the the negative crossing is given by the inverse
R~ of the R-matrix R corresponding to the positive crossing.
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% AN

( = = ) . (4.2.40)

N /
Vi Vs Vi Vs Vi Vs

R-Move III This is the Yang-Baxter equation which the R-matrix R should satisfy.

N !
< — \ . (4.2.41)
/ / AN

iva V3 i V2V

R-Move IV This is the additional move for the networks with junctions.

AN

Vi //% = W 7;\ -V % ‘ (4.2.42)
/ W AN

Vaiy Vs Va

N 1 Vs Vi w

R-Move I Finally, this move involves a non-trivial factor. The other one is Reidemeister
move [ :

p =opq W | /\:> =opq® | (4.2.43)

R R R R

where R can be any irreducible representation other than fundamental representations
AL

Indeed, when the representation R is A*[J, the coefficient Cy(q) can be calculated by
using the general crossing resolution and the relation removing digons.

The i-th network on the right hand side of (4.2.36|) gives a coefficient o <k<ﬁ>7<lj\ﬁ>ii2k>!

1
thanks to (£.2.16). We then find that the overall factor gives C,(q) = (—1)F(NV+D g 0TI =R
and expect the above relation holds true for any R. A direct understanding of this coef-
ficient in 4d and 6d would be an interesting problem.

4.2.6 More simplifying relations

Let us list various other skein relations that can be used to simplify networks. All relations
except (4.2.47) are known in [174] [173] and references therein.
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Triangle contraction relations

We have rules to remove triangles. In order to express the rules, we first map all the
junctions so that they are canonical. Then, there are four possibilities up to the mirror
images:

_ (a)! a a
NG b ¢’ c’
(4.2.44)
_ (a)! a a
O b ¢’ c
(4.2.45)

Note that whether three vertices are totally ordered by arrows or not changes the look of
the factors.

Rectangle decaying relations

The rectangles Q((fb) that we had in (4.2.37)) can not be further simplified, but there are
many other rectangles that are equivalent to sums of simpler ones. Let us show one class:

koo k ¢
J minj,k) (€~ $
g ’ 0 —k)! <
k+jA AL— = Z — 7 g k—sA AL+ (4.2.46)
< s=max(0,j—€+k) <£ kts j><] S>' S
J s
k l L /

This is valid for £k <l and 0 < j <min(k,N —¢)or k< j<{< N — k.
These relations assure that any network constructed from only rectangles around a
tube can always be decomposed into a sum of closed loops around the tube. For example,

using (4.2.46)) recursively, we can see

k k kE+ik—1

2 \\ k P § A
qiﬁ = qik Z (—1)qu * ) (4247)

i=—k

where the two horizontal thin parallel lines signify that they are to be identified so that
the network is on a tube.
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There are various other relations. Here we just note one example:

3 k 3 k 3 k
k=2 k—2 k—1
1A 2 A]{;l Ao =(3) & + 1A Ao +(2) + 24 Al - (4.248)
k-1 1 2
k 3 k 3 k 3

4.2.7 Examples: A, and Aj

The skein relations of the A; case and the A case have already been described in the
literature.

Ay

Let us record the A; case as a summary. We have two types of junctions :

1 B 1 _
1>—»2 — >+ 1>_§ = >+ (4.2.49)

The basic skein relation was (4.2.34)), which we copy here [62,/68,[167):

The following two relations are useful to simplify the networks:

+©—(— =(2) —e A ‘ Yy = l ( + . (4.2.51)

As

Let us now discuss the next nontrivial case of A;. Note that the label 3 can be traded with
1 by reversing the arrow, and since 2 is a real representation we do not have to exhibit
the direction for edges labeled by 2. In this case, there are also two types of junctions as
we see below.

There are three types of crossing resolutions :

1 1 1 1 1 1

\ _ 4l/4 —3/4

/\Y q ::/{ +q )) ( (4.2.52)
11
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X - K g2 >1< : (4.2.53)

2 1 2 1
2 2 2 2 2 . 2 2 2
—_— 1
2 2 2 2

11 2 1

1A 2 = ) ( + K , (4.2.55)
1

2 1 2 1

1 1 1
1
< —1

2 2 =(2) l ( + , (4.2.56)
1 | «—

1 1 1

1 1
% 1 1

2| |2 =) >i< . (4.2.57)
1

1 1 1 1

4.3 Wilson punctured network defects in 2D and com-
posite surface-line systems in 4D

As explained in the introduction, in the 2D system, the geometric counterparts of 4D line
operators and 4D surface operators are networks and punctures, respectively. As long
as we treat either only surface operators or only line operators, the projection onto C
is natural to discuss the 4D physics. However, if we have line defects bounded on 2D
surface defects in 4D, it is not unique picture and there appears the new direction which
line defects are localized in but surface defects extend along.

In this section, we introduce the 2D counterpart of the 4D composite surface-line
defects in the 4D/2D duality relation. We call such objects Wilson punctured network
defects. Such defects in the topological 2D ¢-deformed Yang-Mills theory are defined by
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the isotopy class of the networks in some 3D space as explained hereafter.

To explain the physical idea, let us go back to the brane picture [26,(53,55]. First of
all, on the surface defects which we focus on, some 2D N'=(2,2) gauge theory with a U(1)
factor lives. Indeed, we consider the surface operators coming from the codimension four
defects in the 6D N'=(2,0) SCFT and the surface defects can be realized as a type ITA
brane set-up constructed from the combination of NS5-D4-D6 systems by Witten [20] and
NS5-D2-NS5-D4 systems by Hanany-Hori [109]. In particular, as discussed in [109], the
complexied FI parameters corresponds to the position on the punctured Riemann surface
locally, at least, around a simple puncture. Therefore, we set a natural assumption that
the end point position of M2-branes (or the position of another M5-brane far from the
bulk Mb5-branes) on the punctured Riemann surface determines the some parameter of
surface operators which can be a complexified FI parameter in an appropriate duality
frame. Now, recalling the defects characterization by varying parameters explained in
Sec. [I.1.2] the composite surface-line defects are realized as the M2-branes varying in C'
as they go in the direction transverse to line defects but along the surface defects. See

Fig. [4.4

Figure 4.4: The 4D loop/line defect ( interface for the surface defects ) is generated from
a position-dependent variation of the (UV) parameter space of surface operators which is
identified with the punctured Riemann surface C'. The horizontal direction and the cycle
direction correspond to one of the directions in the surface operator and to a non-trivial
1-cycle in C respectively. L is the varying scale relative to the system scale and AL — 0
means flowing to the IR. If only a surface operator exists, we get a line operator bound to
the surface operator. (red cycle and red dash-dotted line) If there are a pair of surface
operators with opposite charges each other, they vanish to leave only a line operator after
the parameter for one of the two is varied. (red line and blue line)

5)We can also define them for the finite area g-deformed Yang-Mills theory.
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In Sec. [£.3.1] we review several basic facts needed later. Next, we take a look at the
geometrical configurations of two types of defects in Sec. In Sec.[4.3.3] we discuss the
skein relations including fully degenerate punctures. First, by introducing new topological
moves, we derive such skein relations in some simple cases. Then, in the last Sec. [4.3.4]
we rederive more general skein relations assuming the projection invariance.

4.3.1 Brief review on surface defects in the Schur indices
Notation

Although we summarize the Lie algebra notation in Appendix. [A.T] we take a brief look
at necessary ones. For a maximal torus element a € TVN~! of SU(N) and a weight vector

A € Ay =~ ZN71 we introduce a symbol a* := (a}*, ay?, . .. ,aj\vﬁ) where \; := (\, h;) i=

N—-1
1,2,...,N. p denotes the Weyl vector, which is defined as Zwa. C3(R) is the
a=1
quadratic Casimir defined as (X, A + 2p) which is nomalized as C5(0) = N — 5. We also
introduce a symbol o = (—1)FN=1) where |R| is the number of the boxes in the Young
diagram corresponding to the irreducible representation R.

The first of all, let us recall the discussions of Sec. [3.3] It was discussed in [77] that
the SCIs in the presence of surface defects can be physically obtained by coupling a
free hypermultiplet carrying U(1) baryon symmetry to the original theory at UV and by
taking the IR limit of that theory after giving variant VEVs to Higgs branch operators. At
the mathematical level, this corresponds to taking the residues at a pole in the fugacity
complex planes, associated with the surface operator’s charges and finally results in a
difference operator acting on the flavor fugacities of the original theory.

The above procedure is expected to reproduce in the IR the same defects as those from
codimension four defects in 6D N'=(2,0) SCFTs and, in fact, this was checked in [55] by
comparing these results with 4D SCIs coupled to the elliptic genera of the 2D N'=(2,2)
theories living on the surface defects. The difference operators in the Schur limit actually
form the representation ring of su(/N) because the codimension four defects are labelled
by representations of su(N) [78}/79].

According to |[77H79], we rewrite the difference operator for the surface defect labelled
by an irreducible representation S as

g%;’ = ( [vector(a)) : Z q_N(/\’/\)aN)\ﬁf)\ : ( [vector(a))_l (431)
A€II(S)

= ( AHaar(a))_l Z 3—/\ - (v AHaar(a)) (4.3.2)
AETI(S)

6)Note that we keep the symbol )\, as the Dynkin labels which are coefficients of w, of the highest
weight. See also Appendix. [Efas for Lie algebra notations. The inner product (,) is also defined there.

102



where we have renormalized so that they form the representation ring of su(/N) exactly,
Lyector(a) is the SCI contribution from the vector multiplet whose concrete expression
does not matter in this paper, Apaar(a) is the Haar measure of SU(N) and 3_,\ acts
on a holonomy a by q=**a. The characters yr(a) are common eigenfunctions of these
operators for any S and their eigenvalues are given by

dimy S
dimy R

o = X 20) Xr(q 20)), (433)

Finally, we remark on the mathematical relation between the codimension four defects
and the codimension two defects [2§]. In the Liouville-Toda CFT set-up, the general
vertex operator is given by V,(z) =: el@?()  where o is a vector in hY which is the
dual to Cartan subalgebra, z € C and ¢(z) is the Liouville-Toda scalar field. This
corresponds to the general codimension two defect ([1V] type or full/maximal puncture)

when a — (b+ 1/b)p € iR¥~1 ~ hY. On the other hand, the codimension four defect
labelled by a su(NV) irreducible representation S is obtained by taking the limit & — —b\g

or ——\g. || The vertex operator in this limit is called fully degenerate and we also refer

to the corresponding punctures as fully degenerate punctures which exactly represent the
4D surface defects.

In the 2D ¢-deformed Yang-Mills theory, the procedure similar to the above one is
given as

lim Xr(a) = gg)
a—q—P—A dlmq R dlmq S

(4.3.4)

where the denominator on the right hand side is just simply the normalization factor of
the surface defect. In our normalization, the surface defects exactly reproduce the su(NV)
representation ring :

%1 © %Z - ZNSIS2 % g?.;':; or 51(%51)51(%52) - ZNSIS2 % 51(%53)' (435)
53 S3

4.3.2 Geometrical configurations

Originally, the bulk geometry of 6D A'=(2,0) SCFT is S* x SL x C. Both surface defects
and line defects in 4D wrap Sg. After the SL reduction, the geometry is the product
of C' and a Sh-fibration over S? in our viewpoint. S} is a Hopf fiber which is the
support of surface defects in 4D. [| On the other hand, line defects in 4D are networks
on C. Therefore, both types of defects are knots with junction in the fiber geometry
St x C =: M and localized at the same point in base geometry S2. In the following

'The two limits correspond to two types of configurations of surface defects in S}, See the next
subsection

8)There are at least two kinds of surface defects when line defects are absent. The other one is obtained
by exchanging two SCI fugacities p and ¢ as seen in [77].
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discussion, we regard S}; as an interval Iy whose two end points are identified. Then
let C}, and C,,; denote two boundaries of Iy x C'. We interpret the surface defects as a
defect running from a point in Cj, to the same point in C,,; along the Iy-direction.

Note that if we consider a 6D N'=(2,0) SCFT on S* x C, a similar argument holds
true. This is because OPEs of two BPS defects are expected to be determined locally and
independent from the global background geometry. Concretely, a surface defect extends
along a S? = {(z,w = 0,2) € CxC xR | ¥*|2)> +2° = 1} in S* = {(z,w,z) €
CxC xR |bWz*>+ b ?|w]* + 2% = 1} [76] and some line defects live on S* = {(z,w =
0,25 = z,) € C x C x R} where z, is an arbitrary constant satisfying |x,| < 1 [30]. Since
only the local geometry around the defect locus is relevant, instead of S};, we take the
new direction as the z° direction (open interval) in this case. Therefore, it is expected
that the skein relations discussed in Sec. are also applied to the Liouville-Toda CFT's
and we can check, in several examples, the claim that they are common in both systems.
The relation between q and b is given in [47] or [75] as q = e™’.

The phenomenon inherent in the S; case is that there simultaneously exist two types
of line operators and, in a such case, it seems to be necessary to treat them in the full five
dimensional geometry rather than three dimensional one. Notice also that there are two
distinct origins of the non-commutativity of line operators correspondingly. One comes
from the Poynting vector in the bulk generated by line’s charges as discussed in [49,83] and
this classical picture also may be valid in the Schur index case. The other interpretation
is similar but different. There, both line operators cannot be genuine line operators and
either should be the boundary of an open surface operator. Then, two operators have
some contact interactions under the exchange of their ordering in the 4D bulk [97,98]/115].

4.3.3 Skein relations with fully degenerate punctures

At first, we use the same projection of M onto the 2D plane as before. This is the
projection onto C' which we call “C-projection”.

If the 4D surface defects are topological in M, by deforming its orbit in M, we expect
the following relation :

S® = S&@ = 05q®) S@@ = ogq~ @0 5®~ (4.3.6)

Here we must take the framing factor appearing in R-move I into consideration.

Let a white dot (a circle) and a black one (a filled circle) in the C-projection plane
represent each intersection point of a surface defect with C;, and C,,;, respectively. Then
new moves appear :

S S S S
i _ i_)_ R I — —T—)— R (4.3.7)
—> R —> R



On the left hand side, a line labelled by S stems from the white dot in M and, on the right
hand side, a line by S goes into the black dot in M. We call this relation Reidemeister
move V (R-move V). In particular, because two types of dots are identified in S}, they
coincide in C-projection and we have

4

—)_R

T =_®, . (4.3.8)

We refer to the edges with dots on it as “punctured edges”. Be aware that the punctured
edges are just open lines in the three dimensional space M. A view from the right hand
towards the left hand is shown in Fig. [4.5] See also Sec. for the detail.

S / ......... Cout
S® «— S S (4.3.9)

Figure 4.5: A punctured edge labelled by S in the left can be depicted as the right in the
projection from M onto other 2D plane extending along the Hopf fiber direction.

What we are interested in is the situation where a line in C' passes near a fully degen-
erate puncture. The above relation (4.3.8) leads to

O] oD o

R R

and now we can apply the crossing resolutions (4.2.36)) to the network representation on
the right hand. [)]

9 Another more useful way to derive the same result is to separate the locations of ingoing and outgoing
punctures (white and black dots) in C firstly, to apply the skein relations secondly and to merge them
again finally.
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Special case

Let us take S and R as O (or 1) and A*O (or k), respectively. There are two ways to do
the calculations :

k k k
A
K11
A C2(0) ey A P -1
1@ 1 =ooq 1@ =q¥ 1 @1 + (1) ¥ @—a7) r-s
A1
(4.3.11)

2k _ N kL _
1® 1 =ooq @O 1@ =qv A @1 H(-DFN TN N (g =) 4y

(4.3.12)
Comparing both expressions, we have
k
1 " 1 1 L
f @1 = (Y gv Y N )RR (4:3.13)
k11 Ko
_ By -
_k 1
I 1
In the same way, we also have
k ] _
k k
k 1 . !
1®@ T =aN |, nal B : (4.3.15)
1
i ! k
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In the simplest case N = 2 and £ = 1 which do not need any junctions and arrows on
edges, this becomes simpler as follows :

1 1
@1 —92® +q2 (4.3.16)

and the other relation can be obtained by mapping q to q~!.

If we apply either relation to the loop wrapping a cylinder and one fully degenerate
puncture near it, there appear two kinds of knots. One winds around the cylinder by
one time as it goes from C;, to C,,; and the other does in the opposite way. Recalling
the fact that there lives a 2D N'=(2,2) U(1) gauged linear o model on the surface defect
labelled by O [55,/76], it is expected that these loops in M represent the U(1) Wilson
loops charged +1 according to the widing orientation, in the 2D system on the surface
defect.

General case

How do the similar relations look like for any pair S = A‘L] and R = A0 ? From the
above examples, we can expect that the general skein relations are

k

4

zIz

min(k,?)
/@ b =0 > g g (4.3.17)
s=0

k

where the coefficients are the same as those of the crossing resolution (4.2.36). The other
relations are

N q° . (4.3.18)

In the case of £ = 1, each reduces into (4.3.14]) or (4.3.15)). We see in the next subsection
that these relations are indeed reproduced in another approach.
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4.3.4 Other projections

The requirement of the topological property of networks in M means that their projection
onto a 2D plane can be taken arbitrarily. So far we have used C-projection, but actually,
we can consider other projections onto a plane extending along [y-direction. We call
those projections “H-projections”.

Now it is possible to directly obtain the same result as before by applying the skein
relation in a H-projection. Let us view the crossing network on the left hand side in
from the right hand and apply the crossing resolution on the new projection.
This can be expressed as

l
.................. Cout Cout
* 2 » min(k,£)
— — N g L (4.3.19)
s=0
_________ Lo .

This relation exactly matches with the previous expressions (4.3.18) and we have a
relation between distinct projections like

(4.3.20)

where the left hand side is the usual C-projection but the right one is a H-projection
including Iy direction.

Finally, we make a brief comment on the reproduction of the relation . This
can be geometrically expressed as

‘ —onunld ™) 5@ (4321

R T = orxr(qg") | . (4.3.22)

or locally

We can derive this relation in some simple cases.
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4.4 Coexistence of closed networks and isolated punc-
tures

In this section, we compare the previous new skein relations with the computation of
g-deformed Yang-Mills expectation values or the Schur indices. From the comparison, we
can extract the operator action of some punctured networks. Based on this discussion, in
Sec. [4.5.3] we propose the modified formula for general punctured networks and interpret
the modification as the addition of the local Boltzmann factors assigned with dual arrowed
edges.

Let C be a two-sphere with several punctures and v be a 2D Wilson loop wrapping
a tube in C. This is the same situation as discussed in part 3 in Sec. [3.8.1] The general
set-up can be discussed in the similar way. Recalling the discussion around , let
us cut along v and decompose the Riemann surface C' into the two parts which we call
C4 and Cp here. In the following, we see the operator structure in two distinct basis.

Fugacity /Holonomy basis
The formula (3.8.5)) says that the whole partition function is given by

f[da]Haar[cA(a, o)xm(a)gg(at ). (4.4.1)

Now let us add a surface defect labelled by S. There are two choices of its addition,
namely, the fully degenerate puncture on C4 or on Cp as shown in Fig. [4.6]

Figure 4.6: Coexistence of a 2D Wilson loop and a fully degenerate puncture in C. Left

corresponds to (4.4.2)) (4.4.19) and right does to (4.4.4)) (4.4.19).

They are evaluated as

outer@s) = Pldahnle(or Do) (Faley)a ) (142)

and
L8, s = 7{ (st (FaTe, )@, - Ixar(@) ey (@, ) (4.4.3)
— 7{ [da)aar e, (a, .. )-Fs(xar(@) e, ) (@™ ) (4.4.4)
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where we use the self-adjoint property of the difference operator 5/’; And two expressions
give different answers.

In particular, the special case M = A‘0] and S = AF(J is important. Let II(R) be the
set of weights for an irreducible representation R and we also introduce a subset defined
as

II(APO, A'D), i= {(\, p) € I(A"D) x I(AD) | (A, p) = s — &1 (4.4.5)

In the following network representations in this subsection, we identify two end points of
any open edge in networks such that they once wrap a tube in C.
On one side, we have a relation like

k
X R N min(k,£) B
A or ¢ Wanoho = Yo A, = > g N (4.4.6)
AETI(AFD) s=0
pE(AD)

where we have defined new difference operators conjugate to A A
A = (VAR (@) ALy - (VAbaar (@) (4.4.7)

and another difference operator

k¢

O* = Yo dPAY = > N TarAY, (4.4.8)
(M) E(ARDO,AD) (M) E(ARD,AD)
We also use the formula
aAﬁ,u = qQ(’\’“)ﬁ,uaA a’\ﬁ’ﬁﬂ = qQ(A’“)ﬁﬁuaA. (4.4.9)
On the other hand, we have
k
R R N min(k,?) ” X

(@ & TnaWao = Y Aar= ) gn ot (4.4.10)

METI(ARDO) s=0

pE(AD)
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Comparing (4.3.17) and (4.3.18]) with these results, we naturally get the correspon-
dence

k
( .
s O, (4.4.11)
l
k
In the special case s = k = ¢, we have
k
1 ~
e GFN) = g WD N AN (4.4.12)
2 AEIL(AFD)

Representation basis

We repeat the same analysis in another new basis. For that purpose, let us expand the
partition functions on Cy and Cp by the SU(N) characters as

Fr,({b)) = f (da' s (@) oy (a!, {0}) (44.13)
Gry ({c}) = ]{ Ay (0~ ey (@, (D) (44.14)

and then we can express the expectation value of the Wilson loop in the representation
M as

(FIWMIG) = j{[da]HaarXRA(a1)fRA({b})XM(a)XRB(G)QRB({C})~ (4.4.15)

Ra,RB

where we introduced a matrix representation like

= Fr({b})|R) (4.4.16)
=> Gr({c})|R) (4.4.17)

(R1|R2) = OR, Ry orthonormal basis. (4.4.18)

Using the eigenvalues of difference operators (4.3.3]), the addition of surface operators

in this basis corresponding to (4.4.2) and (4.4.4) are expressed as
(FIWA510) = 37 N, 0, (01)E8Gr, () (44.19)

Ra,Rp
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and

(FISsWalG) = Y Np, 8 Fr ({0})Gr, ({c}), (4.4.20)

Ra,Rp

respectively. Note that 4D Wilson loops act as “difference operators” and 4D surface
defects do as diagonal multiplications in this basis.

When M = A0 and S = AFO, we can also repeat the similar computation to the
previous one. First of all, let us rewrite the eigenvalue g}(%S) by using into

£) Zq 255e1(PHAR); Zq—2 pHARAL) (4.4.21)

where L runs over all the ¢-element subsets of {1,2,..., N}. Next, the sum including the
Littlewood-Richardson coefficient can be written as follows.

Z Rty ZZ (4.4.22)

Ra,Rp Arp K

where A\p, — Ag, = Z hi =: hi € TI(A*O) and K runs over all the k-element subsets of
i€K
{1,2,...,N}.

Now (|4.4.20) leads to

(FIFsWulG) = Y " q 2P s ) Fr e (01 Gron ({e}) (4.4.23)

g K,L
min(k,?) ( Lt

Z q N) > Z q 2 Fp i ({01 Grou ({e})

BSZ hy |KmL|

(4.4.24)
(4.4.25)

where we use (hg,hr) = Z (hi,hj) = |[KNL|— %ﬁ in the second line and A > 0
(i.J)EKXL

means that it is a dominant weight, that is to say, A, > 0 for all a. By evaluating

in the same way, we have the similar correspondence

k
(
Ry Ry« 3" Oayonpngq GrHstA) (4.4.26)
l K,L
|[KNL|=s
k

112



which is the dual expression of the operator @g’“").
Setting s = k = ¢, we finally get the following one needed later soon.

k

R Rp +— Z(S)\A_)\B,hKq_(2p+)\A+/\B’/\A_)‘B). (4427)
K

4.5 Proposal of conjectural formula for Wilson punc-
tured network defects in 2D ¢-deformed Yang-
Mills

In this section, we see how the expectation values of any closed Wilson punctured network
defects can be evaluated. Here “closed” means that the networks do not touch on general
punctures coming from codimension two defects in 6D SCF'Ts not codimension four ones.
We divide the evaluation procedure into two steps : giving the computational procedures
for special cases (See Sec. and then constructing the general cases by using them
(See Sec. . However, we will explain these two steps in the reversed order by starting
the general cases and then by decomposing them into several special building blocks for
which we will give the procedure.

In Sec. [4.5.1 we show the procedure to obtain the special building blocks from the
general set-ups. In Sec. [1.5.2] we go back to the evaluation of defect expectation values.
There, we map such evaluations for special building blocks into the computations of
partition functions of statistical mechanical systems with infinite degrees of freedom. The
construction of such a mapping and giving the Boltzmann factor are the main points.
Finally, we make a few comments on the above mapping of R-matrix in a special case in
Sec. The properties necessary in this section are already summarized in Sec. [3.8.1}

We also summarize the conventions remarked before.

There are two different conventions called “Liouville-Toda” convention and “g-deformed
Yang-Mills” one. Although we focus on the 2D ¢-deformed Yang-Mills theory, we also
use the former convention which is mostly used in the context of the 4D/2D duality.
There, instead of ¢, we use another symbol q which is related to ¢ by ¢ = ¢*/2. Note
also that the skein relations in the ¢-deformed Yang-Mills convention are obtained under
the replacement of q by —¢'/?, where the additional minus sign appears compared to the
above actual relation. This is because the normalizations of the junctions differ in two
conventions.

For a while, we consider the Wilson network operators without any crossings. They
are defined as some networks satisfying the following two conditions:

1. Each network consists of trivalent junctions and arrowed edges with a charge a €
{0,1,2,...,N — 1} ~ Zx on each. Each charge corresponds to the fundamental
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Figure 4.7: Inflowing (Left) and outflowing (right) (a, b, ¢)-junctions.

representations AC] of SU(N) which form the minimal set to generate all the ir-
reducible representations. Notice also that edges with 0 can be removed and we
ignore them hereafter.

Flipping arrow is equivalent to the replacement by the charge conjugate represen-
tation as we have seen. In particular, as we only consider the fundamental repre-
sentations A“[], this operation corresponds to a — N — a.

If we use an edge labelled by an irreducible representation R, we interpret it as a
bunch of edges according to a polynomial expression of R of SU(N) representation
ring generators of A®L].

2. There is the charge conservation on each junction. More precisely, if we have all
three inflowing /outgoing edges with charges a, b and ¢, they must satisfy a+b+c =0
mod N. On forgetting to take the N-modulo operation, there are two possibilities
a+b+c= N or2N. We call the former one (a, b, ¢)-junction for both inflowing
one and outflowing one, see Fig.[4.7 If a + b+ ¢ = 2N, the redefinition «’ = N —a,
b= N—band ¢ = N —cmakes a’+b' +¢ = N and the exchange between inflowing
and outflowing, and we have (N — a, N — b, N — ¢)-junction for the latter case.

3. Any crossing can be resolved into networks without any crossing as discussed in
Sec. [4.2.4, Therefore, we can remove all the crossings from the network by applying
the above relation to each but have a sum of several networks instead.

4.5.1 Reduction onto special cases

Here we see how the most general pairs of the Riemann surface and defects on it decompose
into the several special ones as the building blocks.

Let C' be a Riemann surface with genus g and n punctures and I' be any closed networks
on it. To each puncture, we assign a holonomy which corresponds to the fugacity in the
SCI language. On the types of punctures and their holonomies, see the review in Sec. [3.8.1
later. I" may consist of several disconnected components and we write the decomposition
as [' = IEIIV“Q. Next, consider a neighborhood of T, which is sometimes called a ribbon

graph or a fat graph. This fat graph denoted by C,, is a two dimensional open surface and
its boundary consists of several copies of S*. See Fig. Cutting along the boundaries
of C,,, we have a decomposition of C. By the above construction, in addition to C.’s,
there are other connected components denoting C'4 which have no network defects. Note
that we identify each boundary isomorphic to S with a puncture.
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Figure 4.8: A fat graph C' from a network I'. The red graph represents the network and
each region is mapped to a hole. In this example, this is isomorphic to the six-punctured
sphere.

Let us make one comment on the topological property of C. If T' has 2¢ (¢ > 0)
junctions and the boundary of its fat graph C' is isomorphic to k copies of S, C' is the
k-punctured genus (¢ —k)/2+ 1 Riemann surface. Note that its Euler character is —/.
In particular, when T is a pure loop without junctions, C' is the twice-punctured sphere.

Now C' consists of two types of connected components : C., which is homotopic to I'y
and C' for which we already know how to compute their partition functions as remarked
later. Since we can reconstruct the expectation values of the original system by gluing
together as shown around , all we have to do is know the expectation values for
each pair (C’a, fa). Before showing that procedure (Sec. , we review several facts
needed for the complete reconstruction and later discussions.

4.5.2 A proposal for closed Wilson networks

At this stage, any expectation value of any network defect is a function of holonomies
for SU(N) global symmetries on each maximal puncture. Recall that we can always take
each SU(N) holonomy in the maximal torus TV ! which is a N-tuple of U(1) holonomies
ai, as, ...,ay with the constraint ajas---ay = 1 but there left the ambiguity of its
permutations. The invariance under the permutations (or conjugacy actions of SU(N))
implies that the expectation values can be expanded with the characters of SU(N) again
and written as

Ier({a}) = Y Bruny [ [ xa,(a). (4.5.1)

{Rp}

where { R, } means that each R, runs over the set of the unitary irreducible representations
of SU(N). We also use the same n as before for the number of maximal punctures on

C. As we have seen in (3.8.2)), for any 2D g¢-deformed Yang-Mills partition functions

10) Let e,w(= 2¢) and f be the number of edges, junctions of I' and regions in C, respectively. By
construction, f = k holds true. The closedness of the network I" and the trivalence property of junctions
also say 2e = 3v. The Euler’s theorem applied to C ignoring all the punctures gives 2 — 29 = f — e + v.
Combined with all, we finally have the claim x» =2—-2g9 —k = —%v = —/.
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without defects, the coefficient B in the character expansion is diagonal in {R;} and each
component is given by (dim, R)X¢. In other words,

B.(ry = (dimy R)*e [ [ 6r,.x (4.5.2)
p=1
where 0r, g gives 1 when R, = R and 0 otherwise.
Now our goal is to give the procedure for computations of By, (ry- For that purpose,
let us interpret this as a Boltzmann factor of a statistical mechanics on a lattice system
defined by following three steps :

1. Make a dual ideal triangulation

The Riemann surface C' decomposes into the several components by removing the
locus of network defects I'. The previous construction via fat graphs ensures the nat-
ural one-to-one correspondence between the components of regions and the bound-
aries/punctures. Now consider the dual quiver on C associated with the network I
This is obtained when each region or puncture and network’s edge are mapped into
a vertex and an arrow with the charge, respectively. At this stage, the summation
in says that there lives a discrete but infinite physical degree of freedom la-
belled by the irreducible representations of SU(N) or the dominant weights on each
vertex. Any junction is mapped into a triangle because of the trivalence property of
the network. Note that similar operations already appeared many times in various
contexts, see [15,/62] for example. So we have (ideal) triangulations with a charge
on each edge, of C. Two or three vertices of a triangle are allowed to be common
at this stage but, in Sec. [1.5.2] we will see that we can ignore such triangulations.
Notice also that the number of triangles is given by —2x~ on recalling footnote. .

2. Consider the allowed configurations of dominant weights

The whole configuration space is the set of all maps from each quiver vertex to an
irreducible representation or a dominant weight. However, for many configurations,
By gy in (4.5.1)) vanishes as we will discuss in and we can restrict the range
of the summation to the non-vanishing configurations.

3. Give the Boltzmann factor for each configuration

As with the ordinary statistical mechanics such as Ising models, we assume the
Boltzmann factor of a given configuration is the product of local Boltzmann factors
over all the triangles. In other words, the local Boltzmann factor denoted B)\Am Ap e
is a function on triples of dominant weights living on three vertices of a single
triangle A and the total Boltzmann factor is given by

A
Bf‘Z{R} = H B)‘A,Az)‘A,B7AA,C (453)
A

where A runs over all the triangles on the ideal triangulation of C'. The concrete
formula of B/\AA’)\B,/\C will be given as (4.5.8]) in Sec. [4.5.2,
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aAB

aca apc

Figure 4.9: There are three regions around each junction. The red dashed arrows represent
its dual quiver.

Selection rules on dominant weights

Here we exhaust all the configurations whose Boltzmann factors are non-vanishing. The
strategy is same as that used in [75].

Let us consider (aap,apc,aca)-junction and three regions around it as shown in
Fig[4.9. There are still two types of junctions, inflowing one and outgoing one but here-
after we focus on outflowing one only because the final expressions for B® are same for
both types. Let three dominant weights living on its vertices be A4, Ag and A\¢ and de-
fine Axy := Ax — Ay for X,Y € {4, B,C}. The gluing procedure stated in Sec.
tells that R(Ay) ® A**¥[ contains R(Ax) for (X,Y) = (A, B),(B,C) and (C,A). This
statement equals to Axy € II(A*X¥[) where II(R) is a set of all weights of the highest

representation R. Then there is a unique subset Exy of {1,2,..., N} consisting of axy
elements such that A\yy = Z hs. The cycle condition Agg + Agc + Aca = 0 means
SGEXY

that Fap,Epc and Eca has no common element and F p U Epc U Eca = {1,2,...,N}.

In conclusion, allowed configurations have several sectors determined by the choice of

Eap, Epc and Eca which is a partition of {1,2,..., N} into three sets. Note that there
NI

are ————— sectors for single junction. And in each sector, there is a summation

aABMU%ﬂaCA!

over \4 for example, with a constraint that all A4, A\g and Ao are dominant weights.

Notice also that two adjacent vertices must have different center charges as we have
seen at part 3 in Sec. and we can say that there is no edge whose starting vertex
and terminating one are common.

IOf course, it is possible to choose Ap or A¢ instead. In all cases, the other two dominant weights are
determined if we specify the sector at first.

12)In other words, this is just summation over A4 and pairs of Ap — A4 and A\c — As. The later two
pairs label the sectors.
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AN—1:1

AN—2:1[AN—2:2

A1:1 Al:2

Figure 4.10: Pyramid, an assembly of $N(N — 1) integers.

Conjectural formula for the local Boltzmann factor

The last task is to show the way to get the local Boltzmann factor for any allowed triple
of dominant weights A4, Ag and A¢.

Before going to the final result, we must prepare some tools to express it simply. First
of all, we introduce a mathematical object playing central roles in our computations.
This is just an assembly of integers designated by two labels h and o = «,. h runs over
1,2,...,N—1and o does over 1,2,..., N — h for each h. Therefore, this object consists
of %N (N — 1) integers. We call such object “pyramid” hereafter. See Fig.

In particular we have a natural map defined just below which sends a weight A =

N-1
A1, A2y ..., Ay_1] where A = Z Apwp to a pyramid and denote the image by A OF M.
B=1
The definition of the map is
. a+h—1
Mo =Y Ag. (4.5.4)
B=«

Hereafter, we permit an abuse of notation. We use the same symbol ) for the pyramids
not in the image of this inclusion map too. In such cases, ) is to be considered as a single
symbol as a whole and \ is meaningless.

Next, we define majority function mj for three variables :

a b=aorc=a
mj(a,b,c):=<b a=borc=0>b . (4.5.5)
c a=corb=c

Since, hereafter, there appears no case that all variables are distinct, this definition is
well-defined in our usage. In particular, we extend this to the case that the variables are
pyramids as follows :

mj()‘AAa )‘ABv )‘AC) = {mj((XA)h:aa ()‘AB)h:ow (>‘A6'>h:a)}h:a- (4-5-6)

Finally, we define g-dimension function D :

N—1N-h {3
DA =] (Mo + Ry, (4.5.7)



Now that we get all necessary tools, let us write down the local Boltzmann factors for
three dominant weights A4, Ag and A¢ living on its vertices. This is expressed as

1

AN

B/\AJ\BJ\C - O - - . (458)
D[mj(AA, /\B, )\0)]

N =

Based on this proposal, we derive several skein relations in App. [E:3] which provides
a (mathematical) evidence that this proposal works well. The other physical evidences
come from the consistency checks in the next Chapter.

Then, the number of appearances of each g-number is always even.

We do not claim that the local Boltzmann factors are physically significant but only
the total Boltzmann factor is physical. In other words, there may exist other expressions
for the local Boltzmann factor but giving the same for the total Boltzmann factor and
satisying the skein relations. For the research of 4D /2D duality relations, it is enough to
know the total Boltzmann factor.

4.5.3 Formulae for Wilson punctured networks

We have independently discussed the computations of expectation values for closed net-
works in the previous section and the geometrical structures of the composite surface-line
systems (Sec. and here we will unify two things.

After performing the crossing resolutions, there appear several networks allowing the
punctured edges as shown in Fig.

Ra Rp Ry Rp

14

Figure 4.11: Punctured edge.

The modification of the statistical model previously introduced in Sec. is simple

add another local Boltzmann factor for pairs of two adjacent dominant weights or,

equivalently, edges. The last result in the previous section suggests that this
factor is given by

B::}\Tih)\B‘) — q_n(2p+>\A+>\Bv>\A_>\B) — q—n(AA-&-)\BJ\A—)\B) (4.5.9)

where n is the number of “punctured” on the edge and Ni= A+ p.
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Figure 4.12: Two dual intersecting loops. If the upper punctures are simple / minimum
type [N — 1,1], the red loop corresponds to the fundamental Wilson loop and the green
one does to some 't Hooft loop.

As a simple application, we can see a new but naturally expected skein relation like

(4.5.10)

because of the following equality

q—(XA+Xc,XA—XC) — q_(XA"‘XB7XA—XB)q_(XB+XC’:XB—XC). (4.5.11)
It is the interesting problem to prove the equalities (4.3.17)) or (4.3.18]) based on the

dual statistical model but we have no proof for them in general cases yet.

4.5.4 Dual intersecting loops in T}

Let us consider the case with a = b = 1 in Fig. 4.12] This theory reduces into SU(N)
superconformal QCD (SCQCD) on partially closing two of four punctures into the simple
([N — 1, 1]-type) punctures. On that theory, these two loops correspond to the ordinary
fundamental Wilson loop and some 't Hooft loop. Using the crossing resolutions, this
decomposes into four components. By evaluating each component and then by summing
them up, we have the following results for the whole Boltzmann factor (the definition of

Exy is given in Sec. [4.5.2) :
1. case Egy = Epa = Ecp = Ecp = {(} for £ € {1,2,...,N}
1

Bgoa:(a} = m (4.5.12)

13) At least, its 't Hooft’s topological charge is neutral. It is an interesting problem to identify what line
defect on the 4D SCQCD precisely corresponds to the given loops on the 2D geometry side.
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where Ag = Ap.
2. case Ega = Epa = {{} and Ecp = Ecp = {k} for { £k € {1,2,...,N}
1

Baoa:(xy = - 4.5.13
Boar{A} Dol 1 oo ( )

where hg := |k — £, o := min(k, ), g := sgn(f — k) and & := (Ag)nga + ho. Note
also Agp = Ap.

3. case Ecp = Epa = {{} and Eps = Ecp = {k} for { # k € {1,2,...,N}
1

Bgoa:(ny = - - - - (4.5.14)
DA + fioy. ] DD + fiayi0]
where A\g — hy, = Ap — hy and see App. [E| as to f{k}{g}.
It is possible to rewrite the above expression into
1 2
Bgoa:n} = [alre + 200], (4.5.15)

D[\g|D[Xp] [k + 002
There is a relation £ = (Ag)hg:aq + 1o = (AD)ho:ag + ho — 20%.

Note that the ordering of additions of the two loops is irrelevant in g-deformed Yang-
Mills theory (not so in the Liouville-Toda CFT case) and they commutes each other.
We can naturally understand this if we put them in three dimensional space C' x S' as

discussed in Sec. [4.3

4.5.5 A remark on R-matrix

1 Bp 1 Ecp Epa

Figure 4.13: There are four regions around any crossing. This means that the R-matrices
(Left) can be mapped into the local Boltzmann factors associated with rectangles (Right).

As we see in the last example in the previous section, it is possible to compute the local
Boltzmann factor for a single crossing or on the dual rectangle. See Fig. 4.13. Roughly
speaking, the factors are the square root of the previous results, but there appear some
additional powers of q. The factors can be given as follows :
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1. case EBA == EDA == EC’B = EC’D == {g}

L_q—l/Z
Bgossing = (_q1/2)N—A (4516)
D[Ap]
where \g = \p again.
2. case Ega = Epa = {{} and Ecp = Ecp = {k} for { # k
1 _ —oogk—1
B ssing = (—¢"/2)N — 21 (4.5.17)
D[)\BHK + Uo]q
where we use the same k and oy as before. Note also Ag = Ap again.
3. case Ecp = Epa = {{} and Eps = Ecp = {k} for { # k
1/2 1/2
Blossing = (—4"/ )% ! My rt 200]a " (4.5.18)

DX]V2D[\p]V2 [k + a0l

The other crossing is obtained by just replacing ¢ by ¢—!. All the above results can have
similar structures to those for triangles.

It is a very interesting problem to analyze all types of crossings or to relate the above
local Boltzmann factors to the known models such as face or (R)SOS models [169,|178-
131].
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Chapter 5

Return to SCIs and skein relations

5.1 Schur indices with line defects

In this section, we analyse three cases : rank 1 SCFTs, free hypermultiplets and super-
conformal QQCDs in class S theories.

Among the possible networks on the trinion, there are the minimal ones depicted
in Fig. p.1] They were discussed explicitly at first in [62] and shown to be elementary
generators of the line operator algebra in [64]. They are called pants networks there and
one shown in Fig. is called (aap,apc,aca)-type and denoted by @(aap,apc,aca)-
The computation of the SCI in the simplest case, the 75 theory case, was done in our
paper [75]. However, the extension to other types of pants networks had been impossible
before our work [90] explained in the previous section. Notice that these pants networks
are expected to generate all the possible networks not touching on the punctures.

Through this and next sections, there is an important assumption : there is the same
number of independent elementary pants networks as the rank of IR charge lattice which
equals to the Coulomb branch dimension. The first example we can check readily is the
Tn-theory. As seen in Sec. [2.4.1] the Coulomb branch dimension of the Ty-theory equals
to w On the other hand, the number of possible junctions in the type Ay_1
case is given by the number of the possible partitions of N into three parts, that is, just

Next, let us see the rank 0 SCF'Ts, namely, free hypermultiplets. They have no
Coulomb branch moduli and there is no dynamical gauge field. Therefore, if all loop
operators given by pants networks are types of Wilson loops, they are expected to be
flavor Wilson loops which are just the classical holonomies because the gauge fields are
just the background fields.

At the computation level, this fact is realized as the factorization of the Schur indices

UIn the other types, this is not true. For example, in the g = 50(2N) case, the Coulomb branch real
dimension is given as 2N (N —2). In particular, when N = 4 or s0(8), sixteen independent pants networks
are expected if we follow the above assumption. However, the actual number of possible junctions is
10. The reason why we consider the real dimension is just these networks are invariant under charge
conjugation.
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Figure 5.1: The (aap, apc, aca)-type pants network p(aap,apc,aca) and the associated
dual quiver.

@
QWO

Figure 5.2: An example of complicated networks on the trinion which appears in the
product resolution of two elementary pants networks.

with the pants networks into the no defect Schur indices and some simple factors. In
particular, by interpreting that new kinds of skein relations happen on C' as discussed in
Sec. we assume that these factors are invariant under ¢ — ¢! as explained before
and check that this is true in the concrete examples.

We find that both the above two assumptions and the conjectural formula are consis-
tent and support each other by the computation in this section and the analysis in the
next section.

5.1.1 Free hypermultiplets
Bi-fundamental representation

Let us see the simple case at first. This is the Ay bi-fundamental hypermultiplet whose fla-
vor symmetry is given by SU(3) x SU(3) xU(1). There, we consider the (aap, apc, aca) =
(1,1, 1)-type pants network on TS[C([13],[1%],[2,1])] = Hyper(0J, [, 1). Let a,b and ¢ be
the holonomies of SU(3) x SU(3) x U(1). There are six sectors. Up to ¢'/2-order, we
can see that the g-deformed Yang-Mills correlators receive the contributions from all the
triple of dominant weights at punctures listed in Table.

The result is given by

Iizg?fw o (@ 0:0) = [xa(@)e™ + xz(b)e] + ¢ [2xg(a)xs(b) + x5(b)e* + xs(a)c?

+xs(a)xg(b)e 4 xs(a)xs(b) + xe(a)xs(b) + xz(a)xs(b)] + ¢ [*xz(a)xs(D)
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((Aa)1, (Aa)2) | ((AB)1, (AB)2) | ((Ac)1, (Ac)2)
0 ,1/2 (070) (071> (170)
4.4 (1,0) (0,0) (0,1)
( (2,0) (1,0) (1,1)
(1,1) (0,1) (0,2)
q1/2 (170) (171) (072)
(0,1) (0,2) (1,1)
(0,1) (1,0) (0,0)
X (0,1) (1,0) (1,1)

1/2

Table 5.1: The dominant configurations contributing to ¢° and ¢'/? terms.

+ ¢ 'xas(a)xs(b) + 2¢  xg(a) xs(b) + ¢ Xz (a)xg(b) + ¢ xg(a)x10(b) + cx10(a) x6(b)

+ ¢ xe(a)xs(b) + xe(a)x1s (b) + 3exg(b) + 3¢ xs(a) + exgz (b) + 3¢ xs(a)xs(b)

+ ¢’ xgla)xg(b) + x3(a)xa(b) + 2cxs(a)xe(b) + cxs(a)xgz (b) + 3cxs(a) xz(b)

+e s (a) + ¢ xgla) + ¢ Pxg(a)xs(b) + c*xe(a)xa(b) + cxe(b)] + O(¢*?)

= [xs(a)c™" + xz(b)] IS%E}?(m b,c) (5.1.1)

where

IS?E?)T(G, b,c) =1+ ¢"* [exa(a)xs(b) + ¢ 'xs(a)xs(b)] + q[1 + xs(a) + xs(b) + xs(a)xs(b)

+cxz(a)xz(b) + ¢ *xg(a)xg(b) + *xe(a)xe(b) + ¢ 2xa(a)xs(b)] + O(¢*?)

(5.1.2)

and 15" = R(2w; + ws).
Then, we find the flavor Wilson loop factor. In terms of the representations of the
global symmetry, it is

Woren = (3.1, -1) @ (1,3,1). (5.1.3)
In the general Ay case (TS[C([1V], [1V], [N—1,1])] = Hyper(C, 0, 1) = 1Hyper(d, 0, 1)@

%Hyper(ﬁ, 0,—1) ), we conjecture that the (a,b, c)-type (N = a + b + ¢) pants network
gives the flavor Wilson loops

Wbl fund b +c — 1 Wﬁavor(/\aD7 1’ —b) ® b +c — 1 Wﬂavor(17 /\ai’ C).
(a,b,c) b . C q

(5.1.4)

In the same way, we can check this factorizations for several second rank anti-fundamentalt
type hypermultiplets and both exceptional types [91].

5.1.2 rank 1 SCFTs

In this section, we focus on the rank 1 SCFT with enhancement global symmetry, Eg s
symmetry.
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Rank 1 Es SCFT case

The first result is already discussed in [75] in another way. There is only one type ele-
mentary pants network specified by (1,1, 1).

ur E, E,
Iii}; 1 Bg SCFT w/. p(1,1,1)<a7 b, C) = ql/QXZ’? (a’ b, C) + q3/2X1$28(a7 b, C)

+ q5/2 (X4Egs32(a> b, c) + XlE’?28(a7 b,c) + X§§1<a7 b, c) + ng(aa b, C))
+q"? (X$21312(a7 b,c) + ngws(a’ b,c) + Xfﬁessz(% b, c) + ngsso(av b, c)
+2Xf’?28(a’7 b7 C) + ngl(a7 b? C) + 2X§’? (CL, b? C)) + O(q9/2)

Here all the irreducible representations appearing in characters are non-trivially charged

under its center group Zs.
Notice that the Schur indices in the absence of defects up to ¢* order is given as

:leafllil(ulr Eg SCFT(a7 b7 C) =1+ QXESG (aa bv C) + q2 (X§230(a7 bv C) + XES (a’ bv C) + 1)
+ q3 (Xf??ms(aa b,c) + ngzs(aa b, c) + X§230(a7 b, c) + 2xf§(a, b,c) + 1) + (’)(q4).

We

Wi 052 CL73 df4 Ws

Figure 5.3: Eg Dynkin diagram. w; gives ¢ mod 3 charge under the center group Zs.

dimension 27 351 1728 17550 46332 51975
Dynkin labels | (100000) (000100) (100001) (000101) (100002) (101000)
dimension | 741312 78 2430 2025 43758
Dynkin labels | (100003) (000001) (000002) (001000) (000003)

Table 5.2: The dimensions of irreducible representations and their Dynkin labels in Eg.
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Rank 1 E; SCFT case

In this theory, we find that the (2,1, 1)-type pants network gives the non-trivial 4D loop
operator respecting the Er-symmetry. Indeed, the computation up to ¢7/2 gives[?]
ur E E
Iif}li 1 E7 SCFT w/. 9(2,1,1) (a7 b’ C) = q1/2X5é (CL, b’ C) + qg/QXGZSO(av b7 C)
+ q5/2 (X§270112<a7 b, c) + Xgiso<a7 b, c) + X9El72(a’7 b, c) + ng(a, b, C))
+q"? (Xgiosmo(aa b, c) + Xgézsso(av b, c) + X§270112(a7 b, c) + ng184<a7 b, c)

+2X]634180(a7 b7 C) + X§{2<a7 b7 C) + 2X5EG7 (CL, b7 C)) + O<q9/2) (515)

Notice that all the irreducible representations appearing in characters are non-trivially
charged under its center group Z,.
The no defect Schur index of this SCFT is given by

Irsailliuf Er SCFT(av b7 C) =1 + qu§3(av b7 C) + q2 (X$§71 (CL, bv C) + Xf§3(av b7 C) + 1)

+ QS (X§§8602(a7 b,c) + ng45(a> b,c) + XE?ZH(CL, b, c) + 2X1E§3(a7 b, c) + 1) +((9(q4)).
5.1.6

The other two pants networks are just flavor Wilson loops, that is to say, factorized
into the Schur index without any networks and the following factors.

(1,2,1) : x5(b)x5" ®(c) + xala)
(1,1,2) : xa(a)xa" @ (e) + xz(b)

Wt

o—O0—0—0—0—O0
Wp W W3 Wg W5 We

Figure 5.4: E7 Dynkin diagram. w7 gives non-trivial charge under the center group Z,.

Rank 1 Ey SCFT case

In this SCFT, only the (3,1, 2)-type pants network is the non-trivial network respecting
the Fg-symmetry. The result is following.

7 Schur (a,b,c) — [2], 25N (a,b,c) = ¢*/? (ngs(a, b,c)+1)

rank 1 Eg SCFT w/. ©(3,1,2) rank 1 Eg SCFT

2)We do not exactly check the terms at g7/ but only see the match of the values at the trivial fugacities
a = b= c=1. Notice also that there is the common structure between the previous Fg SCFT and this
FE; SCFT on replacing the fundamental weights wf“,wfﬁ,wfﬁ,wfﬁ by wfﬁwfﬂwfﬂw% respectively.
The similar structure also appears in the SU(2) Ny = 4 SQCD, namely, the SO(8) SCFT with or without
the fundamental Wilson line, for example. However, it seems to be not true in the Fg SCFT as we see

later.
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dimension 56 912 6480 86184 320112 362880
Dynkin labels | (0000010) (0000001) (1000010) (1000001) (2000010) (0100010)
dimension | 9405760 133 7371 8645 238602
Dynkin labels | (3000010) (1000000) (2000000) (0100000)  (3000000)

Table 5.3: The dimensions of irreducible representations and their Dynkin labels in E7.

+ q3/2 (X:?g%o(% b, C) + ngooo(aa b, C) + Xgis(% b, C) + 1)
+ ¢ (nggﬁooo(a b, ) + X15es125(@: b, ) + Xa3s0(a: b, €) + 2X %5000 (4 b, €)
+X3875(a b, C) + 3X248(a7 b, C) + 1) + 0(97/2)

where we have subtracted the Schur index without the defects expressed as

Irsacnkliuf Eg SCFT<a7 b7 C) =1 + Qngis(a? ba C) + q2 (X§’§000(a’7 b7 C) + XfZS(a7 ba C) + 1)

+ C]3 (Xf’?63125(&7 b,c) + X§3380(a’ b,c) + XJZE’?OOO(CL? b,c) + 2X§is(a> b, C)) + O(q4).
(5.1.7)

Notice that in the presence of (3,1, 2)-type pants network, the lowest exponent of ¢ is —2.

2
The other pants networks are written as the flavor Wilson loops as follows :

<1,1,4>:[2]qx6< )X )+ [2gxg (D)

(1,2,3) : [8lyxe(a >+x6< )Xa' 2() (12257 (0)xa" ()

(1,3.2) : Bs[2laxg P 0) + 2axg” P 0)xs" (@) + Pavs(axs” 7 (e)

(1,4,1) : (207 0)x5" P (e) + xs(0)

(2:1,3) : xas(a)xa” ?(€) + xela)xg " (0) + xa(a) + x5 P (b)xz"” P (¢)
(2,2,2) : ([2)°x5" P (0) + xa5(a) + xe(a)xg " (0xa" P () + xala)x; P (€)

+x3 2 )xs D)+ xg P (b)
(2,3,1) : ([20)%xa 0)xa 2 (e) + x6<a> SUG (5) + vgla) + x2UO 0)x5"? ()
(3.2,1) 1 (121372 (@) + xs(@)xs”® (1) + xa(@x3"® (0) + xa” @ (0)x5" (©)
(4,1,1) : xo(a) + xg(a)xs " (b) + XSU<3>(b)X§U<2>(c)

dimension 248 3875 27000 30380 1763125 4096000
Dynkin labels | (00000010) (10000000) (00000020) (00000100) (00000030) (000000110)

Table 5.4: The dimensions of irreducible representations and their Dynkin labels in Eg.

128



w1 C«72 C53 df4 075 u76 Wwr

Figure 5.5: Eg Dynkin diagram. The center group is trivial.

Re

Figure 5.6: For the A; or SU(2) SCQCD cases obtained by the four punctured sphere,
we show a 4D Wilson loop in OO = R(w;) = 2 (Left), a 4D ’t Hooft loop labelled by
0= R(wy) = 2 (Middle) and both Wilson and 't Hooft loops (Right).

5.1.3 Superconformal QCDs
SU(2) Ny =4 SQCD
Here we introduce the following symbol.
X(Ra, R, Re, Rp) = X, ™ (@)X, ()Xo (X7, (d). (5.1.8)

See also Appendix. on the s0(8) convention.
We also written down the Schur index expression of SU(2) Ny = 4 SQCD for com-
parison.

I¢(a, b, C, d) = ISU(Q)’Nf:4(a/, b, C, d) =

50 50 S0
1+ qxas " + ¢ [Xsoo(S) +Xas )+ 1} (5.1.9)
50(8 50(8 S0(8 50(8
+ q3 [X192(5) + X350( ) + X300( ) + 2X28( : + 1} + (’)(q4) (5.1.10)
where ng(g) corresponds to the meson operator Map = €?Qu1Qpp (a,b: SU(2) indices,

A, B : SO(8) indices) with A =1 and I3 = 3.
When we add the Wilson loop W, the Schur index computed from the g-deformed
Yang-Mills formula is given by
Ty (a,b,¢,d) = "% [x(2,2,1,1) + x(1,1,2,2)]
+¢*? [x(2,2,1,1) + x(1,1,2,2) + x(2,2,3,3) + x(3,3,2,2)
+v(3,1,2,2) +x(1,3,2,2) + x(2,2,3,1) + x(2,2,1,3)
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+x(4,2,1,1) +x(2,4,1,1) + x(1,1,4,2) + x(1,1,2,4)] + O(¢°"?)

(5.1.11)
= ql/QX[l,o,o,o](a, b,c,d) + qs/QX[1,1,0,0]<a7 b, c,d) + O(q5/2) (5.1.12)
= ¢""xs,(a,b,¢,d) + ¢**x160,(a, b, ¢, d) + O(¢?) (5.1.13)

which matches with the known result in [151] for example.

Next, let us see the dual 't Hooft operators. Although its field theoretical definition
is not known yet, from the geometrical point of view, this acts on the above Wilson
loop expression simply as the permutation of two simple punctures. In particular, this
permutation is equivalent to the triality action of SO(8), that is to say, the exchange of
the simple roots a; and ay4. Therefore, its Schur index expression is

ITS“al(aa b7 ) d) = ql/QXSS + q3/2X1605
+ ¢ [x8. + X56. + X160, + X1400,] + (’)(q7/2). (5.1.14)

We can interpret the Schur index as the count of local operators playing the role of
line changing operators between the fundamental Wilson loop and the minimal 't Hooft
loop.

Although we can directly compute this Schur index by using the result in Sec. [£.5.4]
let us do the computation in another equivalent way. By representing the four punctured
sphere as the disk by removing one point in the sphere, we can geometrically compute
the OPE of the Wilson loop and the dual 't Hooft loop with the crossing resolutions as
follows:

—q'/? —q 12 (5.1.15)

— g2 y g2 % (5.1.16)

3)Of course, this is obviously true when that of the free bi-fundamental hypermultiplets does. The
insertion of the corresponding character and the integration over the gauge group are same operations.
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The first two terms give
X2(b)x2(d) + xa(a)x2(c) = xa (a, b, c,d) (5.1.17)

and the latter two have the same Schur index ( different in the 4D loop operators ) up to
the prefactors ¢*/2. The final expression is

IT&“"‘IOWD (CL, b7 G, d) = IWDOTS“i*”l(a? ba Cy d) = X8cI¢ o [Z]QIWTD
= qxs6. + " [xs. + X840.] + O(¢”). (5.1.18)

Since we have no duality frame where both loops are simultaneously magnetically
neutral, it is difficult to interpret this result based on the Lagrangian description.

SU(3) Ny =6 SCQCD case

Here we adopt the different notation from the previous one : the labels of punctures
different as shown in Fig. [5.7]

Figure 5.7: For the higher rank cases, Wilson loop in A°0J (Left), A 't Hooft loop labelled
by AT (Middle) and both Wilson and 't Hooft loops (Right). Notice that the ordering
of the insertions of two loops is irrelevant in this case.

In the absence of loop defects,

Iggq(%r) N;=6 sqcp (@7 ba Cy d) =1+ gq (2 + Cild71X§(a)X§(b) + X8<a)
+ edxa(a)xs(b) + xs(0) + ¢** (¢ 2dxs(a)xs(b) + cd 2xz(a)xs(b)
+ e P xg(a)xg(h) + Ad g (a)xs() + ¢ P+ E+ B+ A + O (5.1.19)
=1+ 04y + 1) + ¢ U + o) (5.1.20)

where Xg(G) = cx3(b) + d 'xz(a) and XgU(ﬁ) = dxs(a) + ¢ txz(b).
When we add both fundamental Wilson loop and dual 't Hooft loop as shown in
fig:loops in SQCD for higher rank, the answer is

Ig([:]h(u:%r) N§=65QCD w/. T oW (a7 b, c, d) = q1/2 (CX§(G) + C2dX3(b))
+ q (¢ xz(a) + cd’xz(a) + d?x3(b) + 2¢ 'dx3(b) + cd’xg(a) + d*x3(a)x3(b))

+ ¢ (3d 'xa(a)xz(b) + 2¢7 1 d x5 (b) + d*x3(a)xe(b) + ¢ *d*x3(a)xz(b) + ¢ *dxs(b)

131



+ 5exgla) + 3exg(a)xs(b) + Pdxg(b) + d ™" xs(a)xe(b) + ¢ *d*xg(a) + *d*xs(a)xz(b)
+2c%dxs(a)xs(b) + ¢ td 2xs(a)xs(b) + dx1s (b) + 2d 'xg(a)xz(b) + 4c2dys(D)
+ cxgg (a ) +cxe(a) + ¢ 2d " xg(a)) + O(¢?). (5.1.21)

1/QCdX + q [CdXAze + cd(c” S+ dig)Xg(G)]

_ U(6) U(6) —3y. U(6) U(6)
+¢*% (¢ 72d) [dg X20001) + d3X[01001] + X[10100 T (1+c%d7)x X(ooo10) T € X[loooo] +0(q°)
(5.1.22)

where we use the Boltzmann weight result for each crossing given in [90]. Notice that

6 U6 .
X[o.(..i._.] XNEG) and XAg(G) =c3d3.

5.2 New kinds of skein relations

In this section, we show several new kinds of skein relations based on the formula. Notice
that all the skein relations satisfy the mirror operation defined as

C C

M : ab — ba (5.2.1)
& &

M : Tt =a7! (5.2.2)
C C

M : Y@ ] +— ey (5.2.3)

and some skein relations are invariant and others gives the new relations. This operation
is clearly involution and no more relations appear.

5.2.1 Simple punctures

This puncture corresponds to Y = [N — 1,1]-type and the U(1)" fugacity is expressed
N-2  N-4 —N+4  —N+2
as ¢v-11] = (¢ 2 ¢,¢ 2 ¢,...,¢ 2 ¢q 2 c c~W=D) where ¢ is the U(1) fugacity

where this U(1) is the maximal torus of Gy.
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a+b a+b

@ (1) e (e
q

a+b

where we have introduced the g-binomial coefficient

( T4y ) :: [z + 9yl _ 127,

Y EI PRI P | A P P

5.2.2 Aj case

Y = [27
3 3 3
21 = vot "% tev
3
3 3 3
12 = ) vyt + fev
3

5.2.3 Aj case

a+b

) A @Y
q

(5.2.4)

(5.2.5)

(5.2.6)

(5.2.7)

Let us focus on TS[C([1%], [2%], [42])]. Since this theory is a just free hypermultiplet as
seen in Sec. 2.4.2] it is expected that all the pants networks are flavor Wilson loops and
decompose into the networks without any junctions. In fact, the actual computations
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implies that the pants networks specified by (1,1,4),(1,2,3), (1,3,2) and (1,4, 1) nat-
urally decompose into the flavor Wilson loops. The other pants networks are also not
independent and we can expect the following relation
(2,1,3) ~ (2,2,2) ~ (2,3,1) ~ (1,4,1) ~ (4,1,1) ~ (3,2,1) ~ (3,1,2) (5.2.8)
where ii corresponds to the relation for Y = [2%] and others to Y = [42] which give new
relations.
This analysis and the previous analysis of rank 1 Eg SCF'T suggest the following skein
relations

Y = [42]
The flavor symmetry associated with this puncture Y = [42] is S(U(1) x U(1)) ~ U(1).

The associated fugacity is given by cug = (¢*%c1, ¢"/%c1,q7V?c1, ¢ %c1, ¢V %ca, g7 H20c).
In particular, we introduce ¢ := ¢;. It is expected that there are 7 independent skein
relations.
i-1 & i-2
) 5 5
1 @ L @l + ) yo!  4c fevy (5.2.9)
5
5 5 5

2 @ 3 =[Bllctc?) Y@ +(Bl+c) @y (5.2.10)

d
ii
4 4 4 4
2 2 1 _ -2 A 2 A
@ —[2]l,¢ 3 @ =c° Y® —[3]; ¢ @ . (5.2.11)
4 4
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and its mirror operated relation.

iii

3 3 3 3
c 2<%>1 - 1<35>2 = |@®Y —-c' Y® : (5.2.12)
3 3

Y = (37

The flavor symmetry associated with this puncture Y = [3?] is S(U(2)) ~ SU(2). The
associated fugacity is given by ciz2 = (qc, ¢, ¢ e, qc™, ¢t ge™t). Tt is expected that there
are 6 independent skein relations.

5 5 5
41 = vol +2x"P0 1oy (5.2.13)
5
and
5 5 5

23 = (38, + G0 vy@t  +12.3"%0) 1 ey (5.2.14)

and their mirror operated relations.
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ii

and its mirror operated relation.

Y = [29]

The flavor symmetry associated with this puncture Y = [2%] is S(U(3)) ~ SU(3).
The associated fugacity is given by cps = (¢"/%c1, ¢V ?c1, ¢ %co, ¢V 2ea, M 235,72 ¢3)
(c1cac3 = 1). It is expected that there are 3 independent skein relations.

5
+ —xs (e) 41 = y®o! —x' %) tev (5.2.16)
5

and its mirror operated relation.

3 )

As application, let us consider T°[C/([1%], [23],[2%])] which is rank 4 SCFT. Using the
above relations, there are equivalence relation up to trivial factors between elementary
pants networks as follows.

>
n
=
N
—~
2}
~—
3,

P@y . (5.2.17)

(1,2,3) ~ (L 1,4) ~ (L,4,1) ~ (4,1,1) ~ (3,2,1)
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(1,3,2) ~ (1,4,1) ~ (2,3,1) (5.2.18)

ii corresponds to the second skein relation. Notice that (2,2,2), (2,1,3) and (3,1, 2) are
independent

There are (at least) four independent pants networks. We assume that there are no
more skein relations and this is consistent with the fact the complex dimension of Coulomb
branch is 4.

We can derive the similar relations for any general punctures. All other examples in
Aj,Ay and As-type theories and the general conjectural skein relations are shown in [91].

5.3 Networks for N=4 Yang-Mills

As the fundamental aspects of defect networks in the two dimensional theories have been
discussed, we can move on to the discussion of the correspondence between networks on
the 2d side and loops on the 4d side. In this section, we restrict ourselves to the most
familiar A’'=4 case. On the gauge theory side, the charges of the loop operators were
classified in [44]. It is not easy to construct the corresponding networks for the general
Ay case, but we will see that the skein relations allow us to describe and classify the
networks for Ay concretely.

Before proceeding, let us quickly recall the possible charges of the loop operators of
N=4 SU(N) Yang-Mills, following [44]. We denote the weight lattice by A. We use the
notations w; for the fundamental weights and h; for the weight vectors in the defining
N-dimensional representation. They are explicitly given by

wi= (=g L= = ) (5-3.1)
hi:<_%7'-~7_%71_%’_%""7_%)' (532)

Note that w; = hy and wy_1 = —hy.

Let us consider a Wilson loop labeled by an irreducible representation R. We can
also use its highest weight A as the label, and possible highest weights are in one-to-one
correspondence with A/WW where W is the Weyl group. Similarly, a 't Hooft loop can be
characterized by a charge vector in A, considered up to the action of the Weyl group.

For a dyonic loop operator, we need to specify a pair of electric and magnetic charges
(i, A) € A x A but the charges need to be identified under a simultaneous action of the
Weyl group. Therefore a dyonic charge corresponds to an element in (A x A)/W and
represent the element as [(u, A)]. We also call it [(i/, N)] lower than [(u, N)] if ¢/ and N
are lower than p and A respectively when mapped to A/W.
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5.3.1 The product of Wilson loops and ’t Hooft loops

It is well known how pure Wilson loops and pure 't Hooft loops are represented as loops

on the torus :
W = E o e E (5:3:3)

where we identify each pair of parallel opposite edges to make the parallelogram the torus.
Here Wy is the Wilson loop in the representation R, and we identify an irreducible repre-
sentation and its highest weight vector. We use a similar notation for the 't Hooft loop.
We also fix the horizontal one cycle as a-cycle and the vertical one as S-cycle. Note that
the S transformation on the torus is naturally identified with S duality transformation of
N=4 gauge theory.

We can now decompose the product W, - T, using the crossing resolution (4.2.36)).
Here we express it in a form to make the data of electromagnetic charges manifest:

b a
b ¢ b—i
(3) () -
\\‘ = >, VIR RS CR GRS (5.3.4)
‘\\ (15" M) €D (e t0a) >
a—1
a b
where
D(p, A) == W (1) x W(A))/W (5.3.5)

is the set parameterizing the possible ways to combine a magnetic charge W(u) Weyl-
conjugate to p and an electric charge W(v) Weyl-conjugate to v.

The number of elements in the set D(wy, w,) is given by s = min(a, b, N —a, N —b) and
is in a one-to-one correspondence with the label 7 in the summation . The label ¢

and a representative [(,u,(f), Vc(f))] € D(wp, w,) can be naturally related by the equation

. ab i i
Z:N+w&&U (5.3.6)

Recalling the fact reviewed in Sec. 2| and that (,ul(f) , )\(i)> is the z-component of
the classical angular momentum assoc1ated to the Poynting vector under electric charge
A and magnetic charge u,()) in the Coulomb phase with the gauge group U(1)V~!, we
naturally expect the following correspondence : 4

Y There are other three equivalent networks connected to each other under (#.2.14) or (4.2.15)).
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where we use the symbol Dy, ,) to denote the dyonic loop operator with the charge
. b,a ) . .
[(1, )] € (A x A)/W. We also use a simple symbol D' for D[(#éz)y/\y”. See also Fig.

,a

for the brane realization. Below, we call these dyonic loops D?Z) and the corresponding
networks elementary.

Figure 5.8: The corresponding brane picture for Ql(’f) on the 2-torus. On the stack of N
D3-branes, a F1-strings (Red) and b D1-strings (Green) end on. The number of D3-branes
on which both F1- and D1-strings end is given by ¢. In this case, a =3, b =4 and ¢ = 2.

5.3.2 Analysis in the Liouville/Toda theory

Let us now connect our analysis so far with a computation on the Liouville/Toda theory
side, using the localization in the gauge theory [29,46].

Hereafter we use symbols a = (aj,as,...,ay) under the constraint Ef\il a; = 0,
A;(a) := exp[2mib(a, h;)] and A(a) = diag(A;(a), As(a),..., An(a)). We also denote the
N'=4 holomorphic partition function by Z(a).

As seen in |29 and [46], Wilson loop W5 and 't Hooft loop Tg are written in the form
of matrix model :

(Wg) = /RNldaZ(a)*XR(A(a))Z(a), (5.3.8)
(Tg) = / daZ(a)" > T{"(a)Z(a—bA) (5.3.9)
RN ACII(R)

where yg is the character of R and TI(R) is the set of weights corresponding to the

irreducible representation R. TiR)(a) are some functions of a related to the character xr
via a Fourier transformation in a [28,46] but the concrete expressions are unnecessary
hereafter.

In general, any loop operator is expected to be represented as

(X) = /RM daZ(a) 3" X,(a)Z(a — bv) (5.3.10)

where v runs over some finite set in the weight lattice A and X, (a) are some functions
the detail of which we do not need either. The additions of Wx and Tk in the ordering of
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loops seen in Sec. are written as follows :

(WrX) = / daZ(a)*Wg Z X,(a)Z(a — bv)
= / daZ(a Z X, Aa — b)) Z(a — bu), (5.3.11)
(TRX) = / daZ(a) Tx Z X, (a)Z(a — bv)

= / daZ(a Z ZTR) (a —bv)X,(a)Z(a —bv —bu). (5.3.12)

nell(R) v

In particular, let us choose R as one of the fundamental representations A"[J and
introduce W®) := W, and T® L¢. Then consider insertions both of W®*) and of
T®. One way to insert is

<...T(4>W<k>X>:/ daZ(a)* ---
RN 1

Z Z T(f (a —bv)X,(a)xvo(Ala —bv))Z(a — bv — bu)  (5.3.13)

pell(AfO) v

where the ellipsis represents further insertions of other loops.

Recalling xgr(A(a)) = Z exp[2mib{a, \)], then define the following operators la-
AEII(R)
belled by m = 1,2, ..., min(k, /) :

(- [TW]ER XY = / daZ(a)* - -
RN-1
Z Z T(Z) (a — bv)X,(a) exp[2mib{a — bv, \)| Z(a — bv — bu).
() ETI(ALOARD),, Vv

(5.3.14)

where we decompose the set II(A‘C)) x TI(AFO) = W(we) x W(wy) into several sectors
defined by

(AT, A D), == {(, A) € IA'D) x IAFD) | {1, A) = m — £} = D(wy, wy) (5.3.15)
We then have
(- TOWHX) =3 (- [TWEHX). (5.3.16)

Note that the decomposition of W *) is independent of the ellipsis ... and X assuring
that this expansion is local and represent the product as T - W) or T®) x W k),

140



On the other hand, the insertion in the opposite order is
(- WwETO XY = / daZ(a)*---
RN-1

Z ZT (a —bw)X,(a)xprp(A(a — by — b)) Z(a — bv — bu)

pell(AO) v
(5.3.17)
and we also have
Q(ﬂfm)
(- TOWHX) =3 (- g \N T TWEPX) (5.3.18)
where we use
2(k—£—m>
exp[2mib{a — by — by, \)] = q \V exp[2mib{a — b, \)]. (5.3.19)
In summary, we have found the relations
min(k,?) min(k,?) (kﬂ_ )
TOxW® = N [rw)tH,  wh x 70 Z q [TW]ER - (5.3.20)
m=0

Comparing the product expansion ([5.3.20)) and the graphical expansion (5.3.4]) we find
the following identification :

(Q%m on T2) & Db o (™ N™)] o g e W)

(5.3.21)
network 4d loop charge operator

Here the pair of weights [(,uém), )\,(Cm))] was chosen as in ([5.3.4]), and therefore we have
(™ ANy =m - K

Let us see how T' transformation of the SL(2,7Z) duality action acts on these loop
operators. The 6 dependence originally comes from the classical part of A'=4 partition
function Z(a) = exp[—mit(a, a)] where holomorphic gauge coupling 7 = £ + g‘éﬂ and

Y M
the monodromy action under the change 6 — 6 + 27 is following :

Z(a)* Z(a — bA) e exp|—mi({a — bA,a — bA) — (a,a))|Z(a)* Z(a — bN)

_ q_<’\’)‘>62mb<)"a>Z(a)*.Z(a o b)\) (5322)

The Witten effect on the partition function can be re-expressed in the loop operators
which acts on the partition functions. In particular, when X is in II(A‘C]) = W(w),
Z(a)*Z(a — b)) is accompanied by

22 .
q—€+ﬁe27rzb<)\,a> (5323)
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as 0 shifts by 27r. Summing it up over II(A‘C]),

82
7O — R [TW] = Dy, = DL

@ (5.3.24)

under 6 — 0 + 2. Since Dy, ., = D% is given by

S 5:3.5)

This # — 6 + 27 action is graphically represented as

SNl =

1o, Doy e -

and matches with the T transformation on the torus.

5.3.3 Examples of products of loops in A,

Let us focus on the A, case and perform some explicit computations. The examples in
the general Aj case will be given in Appendix . We will see the geometric SL(2,7)
action on the torus is nicely mapped to the SL(2,7Z) action on the electric and magnetic

weight systems.
il [7-

A —— P

(wa, hy)  (ws, hy) (wa, —hy) (ws, —hs)
C C
(w1>_h3>(w17._h2) (wlth) (wlzh?))

EE =S
/| I=

Figure 5.9: The SL(2,7Z) duality orbit of D(l(’); (below right) and their dyonic charges.

Two adjacent expressions of a pair of weights are equivalent via some Weyl reflections.
Red weights correspond to electric weights and green’s to magnetic ones.

142



Example 1. The simplest case is W x T, which corresponds to the equation ([5.3.4))
witha=1and b=1:

Wo x To = 42Dy + 47Dy (5.3.27)

where D(I(’); = Diwi hs)) = Dii,ny) and D(IS = D{ww)- This was originally found
in [62,68] in the context of class S theory.

The dyonic loop D(lj is obtained from the 't Hooft loop T; by an application of the T’
operation. In particular this loop can be mapped to a Wilson loop in some duality frame.
The object D(lt’); cannot be mapped into a network localized on any one cycle by the
torus modular transformations. In the language of charges, this means that the electric
weight and the magnetic weight are not parallel. We can now work out how the SL(2,7Z)
transformations act on this particular network and the pair of weights, see Fig/5.9]

Example 2. The next example is Wy x Th:

\>\<>\)\ \\
\>\<>\)\ - \\
A
/
+q! + q? / . (5.3.28)
P d

In this example, the first term on the right hand side is a network that cannot be
mapped by SL(2,7Z) to any of the networks we already studied explicitly. It is natural to
posit the following expansion

g

A

>— 1] =4

Wm x1Th = C|2/3D[(w1,2h2)} + qil/BD[(w1,h1+h2)] + C|74/3D[(w172w1)]
+ (loops with lower weights) (5.3.29)

since we expect that the exponent of g multiplying Dy, .y equals —(Ay,, Ae) to capture
the angular momentum. Then we can identify

A

\

\
D 2n2)) ~ A (5.3.30)
\
A

up to the lower contribution Dy, n,+n, .-, from lower weights. Hereafter, we try to map

3(>4)
networks and charges of the dyonic loops up to the contributions from lower weights

5)The complication comes from two sources. One is common with what we encountered in Sec.
irreducible representations are linear combinations of networks even in the Wilson loop case. Another
is related to the bubbling effect of the monopole moduli space. See the related works to this subject
[45,46],182,/183].

143



Example 3. The third example is Waq; X 11 :

O

A

A
7

Adj

2

AN

while from gauge theory we expect

WAdj X TD
= qD[(W17h2—h1)] + D[(w1,h1+2h2)] + q_lD[(w1,2h1+h2)]

Y
A
Y

+ gt

A
Y

>— >
A

+ (loops with lower weights).

For a graphical representation of weights involved, see Fig. [5.10}
The first term and the third term can be obtained by SL(2,7Z) transformations on
D(l(’ﬁ. The second term is a new type:

(wl, 2h1 + hg)

Figure 5.10: Representative weights in D(wy,w; + wy)

Dy m+2na)) ~ | A

((_4.)1, h1 —+ 2h2)

Y
A
Y

A
Y
A

> b

(wlahQ - hl)

The skein relation gives us

A

/§

(5.3.31)

(5.3.32)

(5.3.33)

Example 4. Our final example is Wiygqj X Tagj. The skein relation gives

Adj

A

A
7

Adj

Adj

=42+9*+q7?)

+

4
Ad/
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A N

+q°! + +q +

/] A

(5.3.34)
while the gauge theory computation yields
Wadj X Tagi = 0> Divagina) T 8 Do —rnay)
+ a0 Do) T 97 Dioagien)] T 9D(0g00-0) + 9D [00ma 0]
+ (loops with the lower weights) (5.3.35)

where Apgqj = w1 +ws is the highest weight of the adjoint representation and see Fig.
for A\j 24. It would be interesting to reproduce the terms with lower weights from a purely
4d gauge theoretic computations.

AAdj

Figure 5.11: Representative weights in D(wy + wy, wy + ws)

5.3.4 Classification of networks on 7?2 for A,

We have seen some basic examples of products of loops and the identification of the charge
and the network. Here we establish the general mapping between the networks and the
charges in the case of the Ay theory on the torus, or equivalently the N'=4 SU(3) Yang-
Mills. This is a minimal extension of the dictionary of Drukker, Morrison and Okuda [25].

Let us first classify the possible A networks on the torus purely in terms of the
skein relation. First, recall that all networks with crossings are resolved into those with
junctions only. In particular, for the A, case, there are only two types of junctions, namely
the one where the heads of three arrows meet and another one where the tails of three
arrows meet. Therefore the networks are bipartite [62] and there appear only polygons
with degree-even vertices.

We now use the skein relations we discussed so far. Recall the basic conventions we
discussed in Sec. [£.2.7] All digons can be contracted, and all rectangles are resolved to
two pairs of curves, as we discussed in .

At this point, the network might contain several disconnected components. If there
are no vertices at all, the network consists of parallel loops wrapping the same one-cycle
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on T2. Assume now there is at least one vertex. Pick a connected component. It has the
topology of either a disk, an annulus or a torus.

Now, let us denote the number of edges, or equivalently the number of vertices, of
the i-th polygon in this connected component by p;(= 2,4,6,...). Denote the number of
polygons by f. The total number of vertices, edges and faces of the network is then given

by
1 Z 1 Z

Furthermore, denote the number of boundary edges by B which vanish if the connected
component has the topology of torus. From Euler’s theorem we should have
1 1
-B=V-FE+F=F—-— i >0 5.3.37
X+ + G ;p > (5.3.37)
since the connected component is either a disk (x = 1, B > 0), an annulus (x = 0, B > 0),

or a torus (x = 0,B = 0). Since we removed all digons and rectangles, p; > 6, and
therefore we have

1
F—= ;pi <0. (5.3.38)

From this we see that the connected component has the topology of the torus, and every
polygon is a hexagon. Therefore, the possible A, networks on T? are mapped into the
bipartite hexagon tilings with three corner condition at every vertex.

It is interesting to note at this point that bipartite hexagon tilings of the torus appeared
in the string theory literature in the context of brane tilings |[184-186]. In this case the
bipartite hexagon tilings corresponded to Abelian orbifolds of C3.

b
Figure 5.12: The infinite bipartite hexagonal tiling and its basis vectors

Now let us make the dictionary between the bipartite hexagon tilings and the dyonic
charges. Instead of thinking of filling a torus by hexagons, we can take the quotient of
the bipartite hexagon tiling filling the entire plane, and then we define the vectors e; and
ey there, see Figl5.12] To specify a bipartite hexagon tiling, we choose the a and the (
cycles of the torus from Ze; @ Zesy so that they are linearly independent. In Fig. we
show the hexagonal tilings and the dyonic charges that already appeared in our analysis
so far.

From these examples, we can find the general map. We first naturally identify the A
weight lattice A and the dual lattice of the hexagonal tiling. Then, the rule is

<>\67 /\m) = (0476) = (>\m’ _)\e)- (5339)
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Figure 5.13: Some examples of the hexagonal tilings and the dyonic charges that we have
already identified

(w1, 2hs) (w1, —2hs)

under the condition g;ps — gop1 > 0 where A\, = quwi + @uws and \,, = prwi + paws.

It is clear that the action of the Weyl group is consistent. Because the cycles «, 3
define the basis of charges, the action of SL(2,Z) on the dyonic charges (Ae, Ap,) and that
on the cycles (a, #) should be transpose of each other, and indeed the mapping
satisfies this condition. Let us end this section by exhibiting some more examples of the
mapping between the dyonic charges and the hexagonal tilings, see Fig. |5.14}

(w1 + Wa, 2h2 —+ hl)

(w1 + Wa, hg)

Figure 5.14: Some more examples of the hexagonal tilings and the dyonic charges

In this section we only discussed the As case. In Sec. 5.5, we briefly discuss the general
map from the charge of the dyonic loops to the networks for or general A;~s cases.
5.4 Examples of OPE and charge/network dictionary

Here we present some more examples of the OPE and the correspondence of the dyonic
charge and the networks for the N'=4 theory, or equivalently for the torus. The results
of the OPE are for Ay_1-2 unless otherwise stated. For the A, case, the edges with 3
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should be removed and those with 2 can be replaced by the reversed ones with 1. We use
the convention that the magnetic weight lies in the fundamental Weyl chamber A /W but
the electric one is unrestricted.

5.4.1 Pure dyonic loops

Dyonic loops can be roughly classified into two, which we call pure and complex. The pure
ones are those that can be mapped to a Wilson loop in a duality frame, and the complex
ones are those without any such duality frame. Let us first discuss the representation of
the pure ones as loops on the torus.

We abbreviate a bundle of arrows with charges si, s2, ..., s,_1 and s, as an single
arrow without any label:

S1 S2 83 Sr—1 Sy

= A A A, : (5.4.1)
Let wy = Zwsi. Then there are four types as follows:
i=1
(Hms Ae) = (pwr, qur), (Hms Ae) = (pwr, —qur)
p p
/—/% /—/%
q=p: % q :\‘\ﬁ q (5.4.2)
p p
/—/% /—H
P>q: 4//? q %\& q - (5.4.3)

This is essentially the same as the discussion in [25].

5.4.2 W[D X TD

Let us compute the skein relation of Wi and 7. Comparing with what we expect from
the gauge theory, we can then identify various networks with complex dyonic loops. From

148



the skein relation, we have

O

A

> I = q2/N

[\]

o

7

+q7° /
rd

(5.4.4)

The first term is a new one, the second and third ones are elementary and the final one

is pure. Then we identify:

Doy 2k 1)) ~ )

A G P A

Dy hathien)) ~ 12

5.4.3 W(271) X TD

Let us next consider Wy 1) x Tp:

O
A\)\
A 2
—H = 7 \)\::
A
. > 5 >
+ q R A R 2
’2 7 7

D[(lehi(¢1)+hj(>i))] ~ 2 2

149

+q

Doy 201)) ~

)

3

A

A 3
2
/g

(5.4.5)

(5.4.6)

(5.4.7)



The first and the third terms are new, the second one is elementary and the fourth one is
obtained by a T action of some elementary one. When N = 3, the second one does not

appear and indeed this case is the same as Example [5.4.5]

We can therefore identify:

D[(W172hi(;ﬁ1)+h]‘(>i))] ~ 1

Ny,
>

:

(N}
(SN
r%r

Y

Y

D pitzhip)) ~ | A4

Y

YrO

Y
\Q'

5.4.4 W[[jj X T|:|

Our next example is W X Tp:

D[(wl:hi(¢1)+hj(>i)+hk(>j))] ~

Dy 2hi+hipny] ~

O
A 2
>— 0 = ¢*V 2
2
A
\&\N\
-2 9 A +
A
1 og! A2 5| -
+q7?
2
2

+ q°

\3@}
/%{
/

/
—

(5.4.9)

(5.4.10)

The first term is new, the fifth one is elementary, the seventh one is pure and others have
appeared in the previous case. When N = 3, the third one does not appear. We therefore

150



identify:

Diun 3hip1)) ~ v Diwrhathin+hisin)] ™ 9 . (5.4.11)

(5.4.12)

2
2
2
/
/
D[(wl,?)wl)] ~ / :
//

5.4.5 WAdj X TD
As a further example, let us consider Wyg; x Tt:

O

A

>— Adj —

Y

2 1 /

+q7" (5.4.13)
< 2
A

Y

e
+
3
>
NY

A
DOA

The second term is new, and the first and the third ones are obtained by some duality
actions of some elementary one. Our identifications are:

Y

Y

Doy hipry—ha)) ™ , Dy

Ny

Wiz =hithico)l ™ 0 (5.4.14)

)

A

A

DOA
3
>

S

Diesr hy—higzn)] ™ : (5.4.15)
2

5.4.6 WAdj X TAdj

We now move on to the example Wiq; X Tagj:
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The first one does not appear when N = 3 but reduces to a sum of simpler ones.

Adj

Then the charge/network dictionary for the new ones is:

Dy

Dy

Aadjhi(#1,8)—h1)] ™7

Aadjshiz1y—hn)] ™
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Aadj,h1—hiz1,8)] T

(5.4.16)




D[O‘Adjv_hl"'hi(#l,N))} ~ ) D[(AAdjvhN_hi(;él,N))] ~

~

where Apgj = hi — hy is the highest weight of the adjoint representation.

5.4.7 An OPE of complex dyonic loops

Finally we give an example of the OPE of two elementary dyonic loops D(l(ﬁ and Dfé’i for
0,k < N/2in N=4 SYM:

1 ¢ .
k\*f

kH ki . k
1\5\*\1 = g~
1

1 / (41

(+2 1

+q +q k+1 (5.4.20)

C+1 14 1

where

e the first term corresponds to D ) where j5 > ¢,

[(wetwr,2hj, 1 +3 5o i

e the second one to D[(WK+1:hi(§£+1)+2hjS:1+Z§;21 ho)] where j3 > 0 + 1,

e the third one to D[(W£+w17h(1<)i(§z)+25:1hjs)] where j, > (.
Here we require j, differ for each s. It would be interesting to apply the diagrammatic
approach to more complicated OPEs and read off the charge information from networks
in general.

5.5 General charge/network correspondence

We have seen the one-to-one mapping between the charge lattice for N'=4 su(3) theory
proposed by Kapustin [44] and A networks on the 2-torus. Here we state the mapping
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for general Ay. This is a minimal extension of a work for general A; class S theories [25].
@ The generalization and refinement to general class S theories are interesting future
problems. Note that the following relations can hold true in the Liouville-Toda CFTs
and also that the expectation values vanish in the 2D ¢-deformed Yang-Mills when their
electric/magnetic weights are not in the root lattices as explained in part 3 in Sec. .

5.5.1 Useful symbol

Here we introduce a useful symbol expressing an element of su(/N) Wilson-"t Hooft loop
charge lattice (A X Awt)/Wau(ny Where Ay, Ay and Weyyy are the magnetic weight
lattice, the weight lattice and the Weyl reflection group, respectively. Be aware that
Ay >~ Ay for su(N) and then we use the same basis. For a given pair of (i, ), it is
always possible to take p into a dominant weight p’' using a Weyl reflection. According
to this operation, A is also mapped into an element A which is not always uniquely
determined. There, we have a Young diagram Y}, associated with p’. In the same way
as , A can be expanded with hs and we have unique elements \'* (s =1,2,..., N)
which are non-negative integers. By putting \* boxes in the s-th row in the similar way
as the ordinary Young diagrams, we have a diagram referred to as Yz. Now, we make a
new diagram which is a pair of the horizontally flipped and filled Y,; and the diagram
Yg. See Fig. below for examples.

(2h1 + ha, h1 + 2h2) (h1 4+ ha + h3, ha + hs) (3h1,2h1) (3h1 + ha + h3 + ha,2h3 + hs) (2h1 + 2hg + hg + hg,2h1 4+ hg + 2h5)
Figure 5.15: Several examples for the relation between an element of the su(N) charge
lattice (above) and its diagrammatic symbol (below).

5.5.2 Charge to network

For a given charge pair (i, A), let M; be subsets of 1,2,..., N so that there is a box in
Yy specified by i-th column and a-th row only if a € M;. By replacing Y, by Yg, we
also define E; in the same way. Then, define sP? as the number of elements of M, N £,

6 Here we consider N'=4 SYM as the very special case of class S theories. The similar relations are
expected to hold true in the N'=2" gauge theory but precise dictionaries are not established completely
because there appears a flavor symmetry related to the hypermultiplet mass term.
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and Ql(f) as an open network like

(5.5.1)

By using these, the BPS Wilson-"t Hooft line operator in N'=4 SU(N) SYM is geomet-
rically represented by

(5.5.2)

where edges are connected on any adjacent parallelograms and each pair of opposite edges
is identified. Note also that this relation holds up to lower charges (see the beginning of
Sec.4 in [75]). We show two examples.

4

1
2 2 %, O
— — : (5.5.3)
1
)

1 4

ot

The reversed operation can be done by computing the trace functions associated with
the network because the trace function is a polynomial (allowing negative powers) of two
U(1)N/U(1) fugacities along a-cycle and 3-cycle of the 2-torus.
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Chapter 6

Conclusion : summary and
discussions

In this dissertation, we focus on the defects and class S theories.

Since defects naturally appear in the brane systems in string theories, the study of
defects expected to offer some clues to understand the properties in the presence of several
different type defects and then their dynamics hopefully. The defects are also important
in the sense that they provide the refinement checks of dualities in field theories and
some information on the spectrum, for example. For these two motivations, we focus on
a certain class of 4D supersymmetric gauge theories. In the recent developments, many
N=2 SCFTs are constructed from the 6D N'=2 SCFTs with several codimension two
defects. They are called class S theories and closely related to M5-brane systems. We do
not directly answer the first motivation but we believe that our works such as discoveries
of the new kinds of the skein relations are useful to understand this, in particular, the
composite systems of Mb5-branes and M2-branes. On the other hand, in this set-up, we
give some answers to the questions arising from the second motivation because the Schur
indices with line defects give such checks and information. Before remarking this point,
let us see the methods we have adopted.

The class S theories are originally obtained from a special but interesting 6D theory
closely related to the string theory. Although their field theoretical treatments are far
from clear yet because of the lack of Lagrangians, we can describe BPS sectors of them
geometrically once we admit the 4D/2D duality relations. Additions of several defects
are interesting problems and, in fact, their developments have revealed the properties of
(BPS) defects themselves and supported the 4D /2D duality relations. However, as for the
correspondence between 4D BPS loop/line operators and 2D some topological network
defects, there are only a few works before our developments. Therefore, we have two
natural questions arise here as explained in the introduction.

e In general, QFTs allow the existence of defects but how can we characterize them ?
In particular, how can we study the defects in the Lagrangian unknown theories 7

e [f they are defined once, how can we compute the spectrum ?
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We believe that our works [75,90] shed new light on these subjects, at least, the ge-
ometrical descriptions and the computation of class S Schur indices with any closed 6D
codimension four defects. This approach gives a partial answer that we characterize the
line defects in the class S theories as the networks on C' with the (class S) skein relations
identifications. We identify the class S skein relations with the skein relations already
known in the mathematics context as we do several consistency checks in the Lagrangian
theories. Since the skein relations are local relations on C, they are independent of the
existence of Lagrangians in 4D and we can apply them to the general class S theories, al-
most all of which are Lagrangian unknown theories. The only problem left is to determine
all the skein relations but this partial analysis is still enough to see non-trivial results as
shown through this dissertation. We also answer the second questions by proposing the
computation formula via the above 4D/2D duality relations. Finally, this helps us to
find new kinds of the skein relations in the sense that they include the codimension two
defects.

Now, go back to the motivations. Since the codimension two defects come from the
Mb5-branes and the networks from the M2-branes, the new skein relations are expected
to be the relations between Mb5-branes and M2-branes. Although we cannot translate
these relations to the string theory language at this stage actually, we may give some
hints for the dynamics of the M5-M2 brane systems. As for the roles as dualities checks
and spectrum information, we have good answers. Indeed, our works support the 4D-2D
duality relations and some dualities between 4D SCFTs and allow us to see the BPS local
operators coupled to some non-trivial line operators defined by the 2D networks. The new
questions to answer in the future are whether these spectra have some universal properties
beyond class S theories, to what extent we can reproduce in the 4D theory framework
and how we can relate them to the first motivation, namely, the string language.

Achievements Now, the main achievements in this thesis are summarized as follows.

e Developments of class S skein relations and the charge/network correspondence in
the 4D /2D duality relations (4.2,5.3,5.4,5.5)

e Discussions of composite surface-line defects in the context of the Schur indices and
their geometrical counterparts, what we call, Wilson punctured network defects in
the 2D ¢-deformed Yang-Mills theory (4.3,4.4)

e Proposal of conjectural formula for the Wilson punctured network defects and its
non-trivial consistency checks (4.5,5.1,App.E)

e Discovery of new kinds of skein relations (5.2)

The first work discusses the relation between the “charge” of 4D BPS loop operators
and their network realizations on the punctured Riemann surfaces with skein relations.
For 4D N'=4 super Yang-Mills where some Lagrangian exists, we establish the correspon-
dence dictionary for leading charges of 4D Wilson-'t Hooft loop operators. The second
work is new in the context of the 4D /2D duality relations and unify both loop ans surface
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defects in term of the 6D SCFTs Such networks are geometrically knots with junctions
in the three dimensional space which includes C' and one of 4D directions and expected
to be the counterparts of composite surface-line systems in 4D. The third work is the
proposal of totally new formula although there is no derivation and many evidences are
given in the final work. This allows us to compute the Schur indices in the presence of 4D
BPS loop operators specified by networks on C'. It seems to be strange because there is
no definition of charges for loop operators but instead they are defined by the geometry
on 2D side. However, even in the absence of defects, we cannot define the 4D theory in

their own framework and we believe that these developments will sometimes help us to
understand the 4D SCFTs themselves.

Future perspective Now, we list several problems to be solved in future. Related to
the first work, the comparison with some localization computations including the precise
study of “dyon” bubbling are very important. This will helps us establish more general
dictionary of the charge/network correspondence. Another interesting problems are re-
lations with 4D loop operators defined in the IR [64}|151}|187]. In our framework, we
see the loop operators at UV superconformal point before the relevant perturbations. Of
course, they are related via RG flows and it is believed there is a correspondence between
two [18§]. For a given network (a UV loop operator), the construction of this RG flow
map to the IR loops is needed because we know the effective Lagrangian there.

As for the second work, they also need other approaches. In the gauge theory perspec-
tives, it is necessary to discuss the 4D descriptions of the composite surface-line systems
and compare the SCIs with the expectation values. The 4D line operators are bounded
to the surface operators and expected to be some interfaces including 2D Wilson lines
of the two dimensional N'=(2,2) gauged linear sigma models [189-191]. Although we
do not discuss the detail in this thesis, the extension to another 4D/2D relation called
AGT correspondence [17}38] is possible and we can formally check the above conjecture
in special case. However, the general discussion is still far from clear. On the other hand,
since the three geometry is encoded in 5D space, it is possible to describe them based on
5D SYM language like [129]. It is also interesting to relate them to the well-known 3D-
3D correspondence story [47,170] where the 3D N'=2 gauge theories on S* and complex
Chern-Simons theories on hyperbolic spaces are related. More additions of defects in this
correspondence were also discussed in [192], for example.

The last two works have many unsolved problems. The derivation of the conjectural
formula in the framework of 2D g-deformed Yang-Mills theory (there is no derivation even
at ¢ = 1) and their relations to other integrable systems [193], the extensions to general
open networks [87] which are composite systems of codimension two and four defects,
the reproductions in the higher dimensional gauge theory like [74,]129] for example, the
analysis of large N limit [194] and relations to higher Teichmiiller space structure [62],
spectral networks [195] or Liouville-Toda analysis [196},/197].

All the above works should be generalized to other simple Lie algebras (simply-laced
in the context of class S), in particular D-series [198]/199] or in the presence of twisted
lines in Agy_i-series [121]. Finally, we hope that these works would help us understand

158



the string dynamics, in particular, some new brane dynamics.
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Appendix A

Lie algebra convention

e II(R) : weights of the representation R

Ay : the set of roots other than 0

e A : the set of positive roots

P(g) : the set of dominant weights

1
rki
p : Weyl vector = Za:gl Wq = 2 ZaeAg o

R(\) denotes the irreducible representation associated with a dominant weight A\, Ag
does the dominant weight to R conversely.

A.1 A-type Lie algebra convention

In this thesis, for many reasons, we use several conventions on representations. To express
the su(N) irreducible representation, for example, we use the Young diagram A*C or (1%),
the Dynkin weights (labels) [0, ..., %, ...,0]or (0--- O%O -+-0), weight vector wy and the

dimension A*N. If necessary, we refer to the convention in the beginnings of several
(sub)sections again.

Basis of weights systems

Let {ag}a=12, . skg=n—1 be a set of chosen positive simple roots. Notice all choices are
equivalent under the Weyl reflection actions.

Wy for a=1,2,..., N —1 are fundamental weights, h; for =1,2,..., N are weights in
II(R(wy) =0) and there are relations among them as h, = w,—w,—1 where wy = wy =0

DThe perfect order of the indices of h; is determined by the partial order in the weight lattice.
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and o, = e, — €411 We also use the standard metric in weight vectors determined by

hi=e — « Zez and (e;, ;) = ;.
The coePﬁments for some basis are
o= (N aw) A=\ w.)  Ai=AA+p
and, in addition to them, we define
Ai = (A hy) o=\ — An
which satisfy

(A.1.1)

(A.1.2)

(A.1.3)

Notice that A; represents the number of the boxes in the i-th row of the corresponding

Young tableau.

Of course, among the above coefficients, there are relations. Since a, = hy — hqy1,

Ao =g — A
Conversely,
N-1 1 N-1 N-1
N = ;)\a—ﬁ 3 e = Z)\
N-—1
A=%D N
k=1
N-—1
A:ZM —Z/\h > Aawa
a=1

We have the vector representation of weights, for example,
A= (A, A Ay)
Notice other useful relations:

(hi)r = (huhk) = bk — ~

Z)‘Z/Lz - Z )‘ hi)<hi7/~b)

N-1 N-1
(A p) = Z()Uwa):ua = Z A fha
a=1 a=1

- i/\l
i=1
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(A.1.4)

(A.15)

(A.1.6)

(A.17)

(A.18)

(A.1.9)

(A.1.10)

(A.1.11)

(A.1.12)



Formulae

Trp [T°T"] = T(R)5*
dimg

> (pr(T")* = Co(R)Ix

a=1

where this is the relation on the representation space of R.
There is a relation between two like

B dim R
~ dimg
CQ(R) = ()\R, )\R + 2[))

T(R) Ca(R)

where Ag is the dominant weight of R.
The dimension of R(\) is given by

dimp = J] Yeteo)

aEAg <p7 a)
See Appendix. [E] as for quantum dimension.
k 1
Co(A"0) = (1 + NWN — k)

T(A*O) = ( ];7__12 )

A.2 s0(8) convention

fundamental weights

1 1
Wy ==e€e1 Wy ==e+ ey W3:§(61+62+63—64) W4:§(61+62+63+64)

positive simple roots
a1 = €1 — €2 G = €2 — €3 Q3 = €3 — €4

The s0(8) fugacity is assigned by e¢; — Xj.
We have another fugacities (a, b, ¢, d):

gy = €3+ €4

Xlzab XQZCL/b XgICd X4:C/d

and their relations to fundamental weights are

a<+— 3(er + ) = Jwo b Ller —er) =wi — Ly

2 2
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(A.1.13)

(A.1.14)

(A.1.15)
(A.1.16)

(A.1.17)

(A.1.18)

(A.1.19)

(A.2.1)

(A.2.2)

(A.2.3)

(A.2.4)



C < %(65 + 64) = W4 — %CUQ d+— %(63 — 64) = W3 — %WQ. (A25)
The triality which is the outermorphism of s0(8) is realized as

a—b:wy — 2w — wy (A.2.6)
b+—c:w; +— wy
c—d:ws > wy
b+—d:w; +— ws

fundamental representations
8, «— [1000] = wy 8. «— [0010] = ws 8s < [0001] = wy (A.2.7)
and

Adj = 28 = A?8, «— [0100] = w, (A.2.8)

branching rules For the decomposition 50(8) — su(2)4 @ su(2)p @ su(2)c @ su(2)p,

8, = (24 ®25) D (2c @ 2p) (A.2.9)
8 =(24®2¢0) D (25®2p) (A.2.10)
8. =(249®2p) (25 ® 2¢) (A.2.11)
(A.2.12)
and
Adj=28=(2®25®2c®2p)D34D33®3cD3p (A.2.13)

in the character sense.
For higher irreducible representations,

0,1,0,0] : 28 =(2,2,2,2)®(3,1,1,1) & (1,3,1,1) ®(1,1,3,1) & (1,1,1,3)
2,0,0,0] : 35, =16(2,2,2,2)®(3,3,1,1)® (1,1, 3,3)

0,0,1,1] : 56, = (3,1,2,2)®(1,3,2,2) & (2,2,3,1) & (2,2,1,3) & 8,

[1,1,0,0] : 160, = 56, & (2,4,1,1) & (4,2,1,1) & (1,1,2,4) & (1,1,4,2)8
(3,3,2,2) @ (2,2,3,3). (A.2.14)

We introduce a symbol like x (R4, Rp, Rc, Rp) = Xiz(g)(a)xig(z)(b)x}g%g@)(c)xgg@)(d).
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A.3 so0(4) convention : the four vector and spinors

Pauli matrices
0 1 0 —i 1 0
0’x—<1 0) O'y—<2. O) UZ_(O—l) (A.3.1)
01 0 1
0+—<0 0) 0—(0 0) (A.3.2)

(") = (i0™¥% 1) (A.3.3)

and

where g runs over 1,2, 3, 4.
Using this, we can identify the four vector and bi-spinor as

AV IR

Lt <P4+z’P3 iP1+P2>‘ (A3.4)

.1 .1
PP = P (o) = =
2 1 2" - \ir-pP, P,—iPs
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Appendix B

Superconformal algebra

The relevant superconformal algebras in this thesis su(2, 2|2). However, if we have defects,
they are replaced by its subalgebras. The relation to the convention used in superalgebra
literatures are follwoing : su(m + 1jn 4+ 1) = A(m, n) for m # n and psu(n + 1jn+ 1) =
A(n,n). See [200] on Lie superalgebra.

Super Lie algebra

The super Lie algebras g are Zs-graded algebra with the supercommutator denoted by
[} defined just later. First of all, the Zy-grading means that each algebra is the direct
sum of two algebras as the vector spaces like g = g® @ g¥. In particular, we introduce
the grading operator (—1) called the Fermion number such that (—1)f - gZ = g” and

(—=1)F - g¥ = —g%. Here, we can define the supercommutator as follows:
X, Y} =XY+YX for XY €g”
XY} = XV — (—1)F Y X (—1)F = § 5V i o AT ET o
[X,Y]=XY —YX otherwise.
This supercommutator must satisfy the super Jacobi identity
Adixyy(Z) = [Adx,Ady }(Z) (B.0.2)

where Ady(Y) := [X, Y} which defines g action itself.

B.1 4D SCA

First of all, let us consider 4D N = m superconformal algebra A(3,m —1). Their fermion
part consists of eight superPoincaré charges denoted by Q and eight superconformal
charges denoted by S which are conjugate each other in the radial time sense. Here
we follow the convention in [31] mainly.

DThere is a bit difference between the literature and this thesis (or recent literatures in class S theories)
on the r-charge normalization. It is r = rhere = %Tther@ This corresponds to the fact U(m) ~ (SU(m) x

U(1))/Zm # SU(m) x U(1).
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4D N'=m supercharges Q and S belong to the representation (4,N) & (4,N) of
su(4) ® u(N)P)| where we used analytic continuation of the conformal algebra su(4) ~
s0(5,1). However, instead of the full conformal group, we use the subalgebra su(2); &
su(2), @ so(1,1).

Hereafter, we take a basis of the representation vector space and give their indices
as follows. «,f,... run over +,— which are indices for su(2), &, B,... over +,— for
su(2); and A, B,...over 1,2,...,m for su(m)g. For the Abelian symmetry group so(1,1)
and su(1),, we abbreviate them because their irreducible representations are always one-
dimensional. Now, let us see the supercommutation relations below.

scB = {sc 5}

The non-trivial anti-commutators are given as follows:

(04,00} = P 0 6% (B.1.1)
{SQA,SV?} = K5 ®06% (B.1.2)
D 4—m
{Q%4, Ssp} = ()5 @ 0 — 05 @ R + (5 - 7") 33 ® 0 (B.1.3)
~i & . . D 4- .
(@480 =i ot +agors + (5 + 15" ) g w o (B.14)

where other relations are anti-commuting.

scf” = [5¢B scl]

These commutation relations are encoded in the supercharges representations (or indices)

of bosonic symmetry. See the Table.

Q| 2 1 : m <
S|2~2 1 -1 m —<
Q| 1 2 3 m —=
S| 1 2~2 -2 m =

Table B.1: The representations of supercharges.

2)Hereafter, we sometimes idetify the algebra and its universal covering Lie group. In addition, for
the bosonic symmetry algebra g; @ go, we also use the abbreviate notation (R, R2) for Ry ®c Ra. The
corresponding Lie group denotes G; X G2. The same notation is used for the case that more simple
algebras are directly summed.

3)There is possibility that the ”centeral charge” usually denoted by Z can appear in the anti-
commutators {Q, @} and so on when m = 2. However, this does not commute with D and if a state has
a non-zero eigenvalue, it breaks the scale symmetry.
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If we introduce RG‘B = R‘, + 7, they are the natural generators of u(m)x and satisfy
(R4, Q7 ) 89 = 65,04 / S (R}, Qc [ Scl = 6304 /8a (B.LY)
There are other generators in s0(5,1) not in the so(4) ® so(1,1) : P,z and K ;.
Roughly speaking, by ignoring the so0(4) spinor indices, P and K acts on < % ) and
( Q ) as raising and lowering operators respectively. Precisely, we fix the numerical

S
factors as follows.

[P, 8H) = =05Q"  [Kaa, @] = 015} (B.1.6)
[P, Spa] = —05Q% Ko, Q] = 05Saa (B.1.7)
scB = [scP 5P
(715, P*] = 03P = So5 P (B.1.8)
(6% (0% ]' (0%
[(J1)57 K'yé] = —57K55 + 555K75 (B.1.9)
@ ) 5 ova L ca
()5, P] = 03P — So5 P (B.1.10)

. . 1 ..
[(J2)8, K 5] = =08 K s+ 05K

505K 5 (B.1.11)

where (J;)% € su(2); (i = 1,2). In particular, we use
o () )T [ 507 of
(Jz) B — ( (Jz)i _(Jz)z - o~ —%O'Z (B112)

+A
where the last expression means the matrix representation acting on ( _ ) fori=1

Q A
N+
or gf‘ for i = 2.
Q4
The other non-trivial relations are
[D, PF] = paﬂ D, K] = —Kaé (B.1.13)
(K s, PP) = 65(J1)5 4 68(Ja) + 6589 D. (B.1.14)

These form the algebra so(1,5).

“)There may be some mistakes in Appendix A.1 in [31]. We use the oscillator construction in Appendix
A.2 there.
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BPZ conjugation

When an operator quantization is given after fixing the time direction and the associated
Killing vector identified with a Hamiltonian, there is a conjugation operation defined as

lout) ® X|in) ~ XT|out) ® |in) — (out|X|in). (B.1.15)

Unless we mention otherwise, we use the symbol { for the radian quantization sense,
sometimes called "BPZ” conjugation [201]. This corresponds to the inversion operation
and 12 is just the identity operation, that is to say, the involution. We require that this
1 operation is closed in the symmetry algebra.

In particular, t acts on P, K as K, P respectively and on the other bosonic generators
D, J;,r trivially. For the fermionic generator,

~.\T ~
(@) = Su (Qa) =S (B.1.16)

B.1.1 4D N=2 superconformal algebra

Hereafter, we focus on the 4D A'=2 superconformal algebra, namely, m = 2.
We fix the SU(2); invariant tensors for the fundamental representation as

T =—t=e =—€e,_=+1 (B.1.17)

for ¢ = 1. The ¢ = 2 case is obtained by +,— = 4, —. Notice that SU(4) invariant
tensor are given by d5.

Now, we use the supercharge basis as Q.4 = eageABQﬁB and édA = edgéi. and
they satisfy

(Qua)f =8 (Qan)f = -8 (B.1.18)

Here notice that (e,g)" = €’® = ¢,5 and that we use the same invariant tensor for SU(2)g
symmetry as SU(2); symmetry.
A and r are same and the others are defined as

jii=—(J)* for i=1,2 [:=-R"=-R, =R} (B.1.19)

Now let us list the charges, namely, the weight of the Cartan subalgebra so(1,1)p @
u(l); du(l)s du(l)g ® u(l),.
Using the anticommutator (B.1.3) and (B.1.4), we can compute

{Qan. (Qs8)'} = [—€are™ (J1)]] 08 + [eace®P (R)] 62 + %(D — )38 (B.1.20)
T} —

{Qaa. (Qs5) [—edﬁﬁ(b)g] 65 + (R)R05 + %(D +1)556% (B.1.21)

5)The minus sign before (J;)* or R* is convenient because the lowering SU(2) indices by the € tensor

exchanges +, + and —, —.
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and the special case a =  and A = B give

2{QO¢A7 (QaA)T} = 277aj1 - 277AI +D—r (B122)
2{Qia, (é@B)T} =2naJ2 —2nal + D +r (B.1.23)

where s = +m; = +. 1 = +1 and 7, = —1. See Table.[B.2

1A g I [ 2{9,9} ]
Qu |3 + 0 5 2 [[A+2i-21—r
Qig % :]:% 0 —% % A:l:2j1 —|—2[—T
Qu |1 0 £+ 1 -1l Ax2-21+r
Q| Lt 0o £ L LA+, 42747

Table B.2: Each charge associated to superPoincaré charges and their anticommutators.

The other relations are almost same to the original ones. For example, we have
{Qas, @33} = P, s€ap. (B.1.24)

Now, following the discussion in Sec. 3.2} let us consider supercharges anticommuting
with @ .= Q- = QT The answer is

Q*2, 0% Sas, S2. (B.1.25)
On the other hand, the supercharges anticommuting with § := gi - -8 ~1(= Q) are

Q4 Q5 , 84, Si. (B.1.26)

Therefore, the supercharges anticommuting with both Q and S are following six super-
charges (3 superPoincaré and 3 superconformal) :

O =50+, Q5 =-0iy, Siy & (B.1.27)

B.1.2 Differential operator representation of bosonic generators

In our convention, (z',2?, 23 z1) is the natural global coordinate on the flat Euclidean
space R*. It has a complex structure induced by z := z! 4+ iz? and w := 23 + iz, that is
to say, Oyt = 01 = 0, + 0, and 0,2 = 9, = (0, — 0.) ( same for D34 ).

By recalling the relation

1

RS S Y o -
[j1, P = :F§Pﬂ [ja, P7¥] = q:ipvi (B.1.28)
. 1 , 1
[jla Kia] = i§Ki§ [.]27 Kfyi] = :l:EK’yi7 (B129)
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we can express J;, P, K and D as

j1+ j2 = L3g = wdy, — w0, J1— Jo = Lig = 20. — 0., (B.1.30)
1 -1 —
P = (Pt iPy) =, P = S(Pi—iPy) = -3, (B.1.31)
1 | _
PP = S(iPi+ Py) = 0, Pt = 2P = P) = 0., (B.1.32)
| — —
Koo= K™ = LKy i) = w0y + w(z0. + 502) — |22, (B.1.33)
1 _ —
K - =K"= 5(}(4 +iK3) = — [0*0,, + w(20, + 20.) — |2|*0u] (B.1.34)
| — —
Ky =-K7"= §(K2 — K1) = 270, + 2(wdy, + wd,,) — |w[*0, (B.1.35)
1 _ —
K g ==K+ = S(=Ky —ik) = 220, + 2w, +00,) = [w]0. (B.1.36)
and
D = —2"0, = —20, — 20, — why — Wy,. (B.1.37)

Notice that j; + jo rotates the w-plane and j; — 7o does the z-plane.

0 =—0t"=—i0, 0, =0 =—id, (B.1.38)
o - =ot=id, 0, =-0"=-id, (B.1.39)
9. 0. 0w Ou
. 1 1 1 1
J1 32 2. T3 2
. 1 1 1 1
J2 2 T2 T2 2
A 1 1 1 1
D—2j,] 0 2 2 0
Jo — 1 1 -1 0 0
J2+n 0 0 -1 1

Table B.3: The charges for the derivatives.

Since the index contributions come from the derivatives satisfying D = 2jo + 2] —r =
2jo, only 0, and 9, contribute to the single letters as p and ¢ respectively.
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B.1.3 line defects insertion

Let us consider a line operator located on a straight line defined by
arg(z) = ¢ = const. mod m and w =0 (B.1.40)

in the z-plane. There, j; + 7o is the symmetry but j; — jo is not because it rotates the
line operators.

The translations P and the special conformal transformations K are also broken except
the two generators

Ky =ile WK, - +e¥K_{] (B.1.42)

1. 17 : 4 :
Py =~ (€70, + %0, = - [e“‘?** +e Pt (B.1.41)

and they generates sl(2, R) algebra :
[K,, P,] =2D D, P,] = P, D, K,] = -K, (B.1.43)
where we have used the relations

Koz, PP =0 (B.1.44)
[Kis, P2F] = D F (ji — 5a)- (B.1.45)

Since these generators, j; + j2,R and r commutes with each other, the bosonic symmetry
is at most

sl(2,R) @ s0(2), & su(m)g & u(l),. (B.1.46)

Now let us focus on the odd part of algebras. If we assume that there exists some
degrees of freedom living on the line defect, they might be supersymmetric. In other
words, there are some supercharges generates P, and K. |"| For example,

iP, = WP e PP = do{QM O ) + e {Q 7P, Of} (B.1.47)

where both A and B are free, that is to say, not summed up over 1,2,...,m. The
anti-commuting properties

{9, Q7P = {0}, 05} =0 (B.1.48)

6)This is called a “full line defect” in [151]. There are also a “half-line defect” case (arg(z) = ¢
mod 27) and “multiple half-line defects” case. In the later two case, the unbroken symmetries are
subgroups of the first one which we do not discuss in detail. The Schur indices can be defined for any
case without any differences.

'We also implicitly assume that the  operation exists, namely, the radial time reversal operation
T — —7 acts on the symmetry in the closed form.

171



implies a natural decomposition of P, like
iP,={Q" + e %05, 0% + %07} (B.1.49)

By introducing the new supercharges

WEAB) . g#A | e¥ie Ok (B.1.50)
and
WEABNE — G, | 4 FieSE. B.1.51
© +

we have the following relations :
{WEAB) WEHEDIY = eFie prEsE 4 eFie pris (B.1.52)
[WEAP)T WPy = 50K L60 + K267 (B.1.53)
T i |
VP, WPy = (N)206 + 7% ()03

. D 4- (D 44—
+0% [-RG+ e PR + ( - mr) 0500 + T ( 2 " 4mr) 030
(B.1.54)

2 4

Now let us construct a super subalgebra including the subalgebra generated by P,, K, D
and j; + jo. For that purpose, it is natural to choose the following four supercharges

—

W = WiAP) W =W, B (B.1.55)

©

V= (Wie)! V= (W, ) (B.1.56)

%)

and their anti-commutators are given as

W, W} = 2054 P+ WV, W} = 2¢%68 P~ (B.1.57)
{(V,V} =2e%65 K, | {(V,V} =2 6pK - (B.1.58)
W, W} =P, (VW) = —iK, (B.1.59)
(W, V} = D — RUB) _ (j, + j,) {(W,V} =D+ R“P) 4 (j; + j»)  (B.1.60)
(W, D} = 62 [(Jl)f + e gyt (VW) = 62 [(Jl); + ()] (B.L6L)

where RAB) .= R4 — RE,.

Since P*+, P,y (J1)* or (J,)* themselves are not symmetry of the line defect inserted
systems, we must require A # B. This is only possible m > 1 at least and we consider
only the cases m = 2, 3,4 hereafter.

Finally, let us analysis the R-symmetry actions. First of all, the definition of the above
supercharges implies that u(1), symmetry is completely broken for m = 2, 3. For the non-
Abelian R-symmetry, since Q and Q belong to the different R-symmetry representations
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m and m respectively and W, VAV/, Vand V depends on A and B, it seems to be completely
broken too. However, in the case of m = 2, the full R-symmetry SU(2)g is unbroken
because of 2 ~ 2, in other words, the existence of the invariant tensor €45. In the similar
way, in the m = 3 cases, R-symmetry is not completely broken but broken into the
SU(2)-symmetry acting on the index A and B. Furthermore, in the case of m = 4, the
SU(2)-symmetry is left and, indeed, there remains SO(5) ~ Sp(2)-symmetry.

Notice also that all the supercharges commute with j; + jo but do not commute with
J1 — j2- This means that the u(1)-symmetry generated by j; + js is the global symmetry
for the degrees of freedom living on the line defects.

For example, we have

1 1
(R — B, Q] = 05Q™" — 050" — —05Q°" + —d5,Q"" (B.1.62)
and, in the special case,
[R4P) Q¢ = (55 — 6§)Q°°. (B.1.63)

By using the similar relation for é,S ,g , the R-symmetry generators act on the super-
charges as

[RAB) W) — W [RAB) W] = - W (B.1.64)
[RAB) Y] = [RAB) V] = V. (B.1.65)

In summary, we have su(1,1|1) symmetry:

W Wr=iP  {VYWl=—iK {WV}=D-Y {WV}=D+Y (B.1.66

( )

Wwyr=0 {Y, W =0 (B.1.67)

[P.K]=2D [D,P]=P [D,K]=-K (B.1.68)
(K,Y]=[P,Y]=[D,Y] =0 (B.1.69)
D W] = %W D,V] = —%v D] = %VNV D,V = —%17 (B.1.70)

Y, W] = %W Y, V] = —%V Y, W] = %W Y, V] = —%17 (B.1.71)

where we redefine the generator Y := R“AB) + (4, + 7,).
1
Notice that Y is quantized, that is to say, the R-symmetry group is U (1);2 ),

In the m = 2 case (4D N'=2 SCA), we can choose A = 2 and B = 1 without the loss
of generality. In this case, Y = R + j; + jy = ji + jo + 21.
Surface defects insertion

Next, we discuss the surface defects. There are two kinds of maximal BPS flat surface
defects

Y, ={2€C,w=0} Y, ={weC,z=0} (B.1.72)
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Notice that X, and X, are flipped by j; — —j; or the exchange + +— —.

Without loss of generality, we can focus on ¥,. The locus of this surface defect break
the full conformal symmetry into SO(3,1) x SO(2),4,- P**,K, 1 and (J1,2)j§-F are broken
generators. _

Let us assume that QF is the unbroken supersymmetry charge. Since the above genera-
tors should not appear in the unbroken symmetry algebra, the following four supercharges
are forbidden.

QO[A’ Si?) SaA7 éf‘ (B173)

where a # 3. The other fermionic generators Q°4 and Sga generates PP and K, which
can be the symmetry of the surface defects.
Then, the minimal subalgebra is

su(1|1)p04 = Q4 @ 82 @ 6%(= Dy + 2R + 2(1)%) (B.1.74)
or
su(1]1)1p4 1= Q%4 @ Spa @ 54%(= D_ — 2R% +2(J1)}. (B.1.75)
The next minimal superalgebra including the above two superalgebras is given as
su(1]1)1.54 @ su(1]1)p5a ® PP @ Kpq (B.1.76)

where o # [ is still assumed. However, this is not physically natural because p—+
or K_j itself are not the Hermite operator in the ordinary quantization where P? is
the Hamiltonian. Requiring the condition that the algebra is invariant both under the
Hermite conjugate and under BPZ conjugate, the above algebra is modified as

52D N=1;aA4) == su(11)154 @ su(1|1)ga0 & PP @ Kpa ® PP @ K5 ® (j1 — ja)-
(B.1.77)

This algebra is indeed closed because P’ and K3 commute with all the supercharges
and [Kaﬁ-,Po‘ﬁ] = D — n4(j1 — j2). Notice that M = j; — jo and Y, := %r — nal acts
on 5(2D N=1;aA)!" as constants —n, and 74, respectively. By this construction, this
algebra is not simple because there is non-trivial ideal in it.

There are two possibility for further extension to have 4+4 supercharges in total. One
is made of 5(2D N=1;aA) and s(2D N=1;3B) and the other of (2D N'=1;aA) and
s(2D N=1;aB).

Here we can set A =1 and a = — without loss of generality.

N'=(2,2) SCA

The superPoincaré charges are given by
Q+,1 = Q_17Q—,1 = Q+2, Q+,2 = é?: Q—,z = éz_ (B-1‘78)
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and the bosonic part is given by
50(1,3) ®r, D rr (B.1.79)

where s0(1, 3) is the 2D conformal algebra and there are also the U(1) x U(1) R-symmetry
rr =71+ (j1+jo+2I) and rg := r — (j1 + jo + 2I). The bosonic charges for supercharges
are given by

[M7 Qa,A] = %naQa,A (B180)
[TL/Rv Qa,A] = (—H L/_; R)Qa,A- (B181)

Therefore, the bosonic algebra includes the Cartan subalgebra by of 3 for 4D N'=2 SCA
and we can define the full SCIs, which has three non-flavor fugacities.

If we take the SCI supercharge as Q = @12, @_1 and ()_, commute with this
supercharge. The non-negativity condition of physical norms leads to ¥; > 0 and Y3 > 0.
However, we have missed the constraint j; + jo > r. Intuitively speaking, this is because
the surface defects, sometimes constructed as the IR defects of vortex strings, generate
the angular momentum around w = 0 which can arbitrarily decrease j; + jo.

N=(0,4) SCA
The superPoincaré charges are given by
Qp 4 = Q_27Q+,— = éfaQ—,Jr = Q_I,Q—,— = é; (B.1.82)
and the bosonic part is given by
50(1,3) @ su(2)g ®u(l), (B.1.83)

where ' = r — j; — jo. Here we only see the subalgebra of full SO(4) R-symmetry. The
bosonic charges for supercharges are given by

[M, Q] = 5Qa5 (B.1.84)
[1,Qa,8] = 511Qa5 (B.1.85)
[r = j1 = J2, Qa.B] = 518Q4.5: (B.1.86)

In this case, we also have three bosonic generators commuting with Q@ and can define the
full SCIs too.
However, the unitarity bound changes. There is only ()1 1 anti-commuting with Q.

Q4 +) 6(Q:) J1 + jo —r > 0 which is opposite condition to the previous N'=(2,2) case.
=0
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Appendix C
Formulae for SCI

In this Appendix, we list several definitions and formulae necessary to compute the SCIs.

C.1 Symbols used in SCI

f@®) = flo)fa)
f@y="I[ fe")

weTl(R(N))

where A is the highest weight. When g = su(N),

where we used the fact that w; — w; is independent of i.

Definition
n—1
(a;q)n = H(l — aq®) g-Pochhammer symbol
k=0

(a;9) = (a;q)o

oo

0(z1q) == (:19)(q/z9) = [J(L = q"2) (1 — ¢"""/2) for |¢| <1

n=0

1 — 2 lpitlghtl

1— zpigk

L(zp.q) = |]

J:k=>0

for |pl,lq| <1
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elliptic I" function

(C.1.3)

(C.1.4)

(C.1.5)

g-theta function

(C.1.6)

(C.1.7)



Useful formulae

(g2;9) = (1 = 2)7(2;9)

9(@12;61)—_719(2;@ 0(q/zq) = 0(zq) = (—=2)0(1/zq)  0(\/qz"

I'(z;p,q) =

S:

zq,p)  T(zp,)l(pg/zp,q) =1
;q)
p;Dp)

-1

—

=T(qg;p,q)

PP q)

—

(
(
(pzip.q) = (z:9)(z ' QL (25, q) = 0(2;9)T (20, q)
(¢2:0,9) = (%) (" 'p;p)T(2:p,q) = (2 p)L(2;p, q)
(z:9)T (20,9 )F(Q/Z p.q) =0(z:9)0(z" " p)L(z5pq) = 1
1
W00 = s = )
0(z%q)=(1—2)7"" 01—z (=597 =01 —-2)(1-2"(gz";q)

In particular,

>

Zq

—

1 (@5p)e(@ )
Cat) (1—2z)(1—271)

In the limitation,

1
lim(1 — 2)'(z;p,q) =
(1 = 2=, 0) (p:p) (a3 9)
0(z;0)=1—=2
1

['(z;4,0) =1'(2;0,q) =

(%4,0) =T{z0.9) (2:9)

['(x;p,q) has a P.E. expression like
log(T(x:p,q)) = »_ log(1 — 27 'p/™¢"") —log(1 — 2p/q")

7,k>0

=— > %[(le”lq’““)m—(zquk)m}

7,k>0,m>1

:_Z 1—q) Km) _zm]'

m>1

Derivation of vector multiplet full SCI
First of all, notice that

2pq + 2 —p—q 2(pg — 1) + (B —1t) x

1 q)

T

SR |
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(1-p)(1—q) x+1—p+

1—g¢q

=0(

|

(C.1.8)

V47 q)
(C.1.9
C.1.10

C.1.11

C.1.12
C.1.13
C.1.14

C.1.15

— o~ o~ o~ o~ o~ o~
—_ —  — — —  ~—  — —

C.1.16

(C.1.17)

(C.1.18)
(C.1.19)
(C.1.20)

(C.1.21)



= ! (C.1.22)

U(x;p, q)?T(tz; p, q) (@ p) (@ q)

By pairing the opposite charge, we have

) O [ e Lk P !
(1-p)(1—-q) I'(2*;p, q)°T (ta™; p, q) (a5 p) (2% q)
'(z;p, q)F(txli;p, q)(1 — %) (C1.23)
and we can define the Z")™ () as
! (C.1.24)

[(z;p, )T (tz; p, q)(1 — )

because there always exists the opposite charged supermulitplet.
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Appendix D

Orbit of simple Lie algebra

The references of this appendix are [50}51,55,94,|125}/131},135,1202].

Lie algebra and group In this appendix, g can be any simple Lie algebra both complex

or real. However, when we emphasize the field, we use the following symbols: gc and G¢

are complexified Lie group and complexified Lie algebra respectively. On the other hand,
GRr and ggr are their compact real form. In particular, it is enough to consider the case

G(c = SL(N, (C) dc :5[(N, C) (DOl)

Gr = SU(N) gr = su(N). (D.0.2)

Recall that any Lie algebra can be viewed as a vector space, that is to say, g ~ Cm9,

Then, for X,Y € g, we have an operator acting on g defined as Adx(Y) := [X,Y],.
The Jordan decomposition theorem says

Adx = (Adx)s + (Adx), = Adx, + Ady, (D.0.3)
such that
diagonalizable  (Ad),X; = )\, X; with g ~ P CX; (D.0.4)

(local) nilpotency ke N ((Adx),)* =0 (D.0.5)
[(Adx)s, (Adx)n] =0 (D.0.6)
= 0.

Correspondingly, we have the decomposition X = X, + X, satisfying [X,, X,,]

partition of N Let Y be a Young diagram with N boxes. Each is specified by a
partition of N but we have two representations [n] = [ni,ns,ns,...,ng] (counting the
height of each row) and {s} = {s1,s2,53,...,s,} (counting the width of each line). We
write this as [n] = {s} or {s} = {n}' where ¢ is the transpose operation for the Young
diagrams. By definition,

k T
N=>) n=)Y s (D.0.7)
=1

a=1
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We label each box in Y as [;,) € Y where ¢ and a runs over the row and the line

respectively. Now, there are two ways to express Z 1 as follows.
D(i,a) 2%

one Way::iszai:iésa(saJrl):% (isi—i—]\f) (D.0.8)
a=1

a=1 i=1 a=1

kK n; k
the other way : = Z Zz = Z in; (D.0.9)
i=1

i=1 a=1

and therefore we have the relation
r k k
dosi=2) i —N=> (2i—1)n, (D.0.10)
a=1 i=1 i=1

D.1 Semi-simple orbit
Every semi-simple element can be mapped into the diagonal by definition.
M = diag(mq,ma, ..., my) (D.1.1)

In particular, we can introduce subsets of the elements specified by the partition of N
as

M({n}) =mil,, ® mol,, ®--- & myl,, €sl(N,C). (D.1.2)
For this element, the Levi subgroup is defined as
L:=L(M):={geG|Ad,(M)= M} (D.1.3)
and its Lie algebra is given by
[=I1M):={Xeg]|[X,M]=0} (D.1.4)

Therefore, the orbit through M is roughly given by Oy ~ G/L. In the g = g¢ case,
notice that

Since Gg/Lg is the homogeneous Kahler manifold, 7%(Ggr/Lg) is the hyper Kédhler man-
ifold.

According to [203], any compact and simply connected homogeneous Kéhler manifolds
are of this form. Let us compute the dimension. It is enough to analyze locally, that is
to say, the tangent space ( = the Lie algebra) at generic point.

dim(c OM = dlIIl(C G(C - dlIIl(C L(c (D16)
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and, in the special case G = SL(N, C),
k
dimg Oy, = N> =) "0} (D.1.7)
i=1

because Le = S([T, U(n,)).
Notice

Gr/Lg ~ G¢/P Lg=GN7P (D.1.8)
where P is a parabolic subgroup for SL(N,C) whose complex dimension is given by

N4+ 3 p2
# ~1 (D.1.9)

D.2 Nilpotent orbit

Next, we consider the nilpotent elements. The nilpotent cone is defined by
Ny, ={X €gc |3k (Adyx)* =0} (D.2.1)

We can decompose the nilpotent cones into sum of G¢-orbits. It si known that this
equivalence class N;/Gc is specified by the principal embedding p : su(2) — g [135]. In
particular, in the case g = su(/N), this is equivalent to the decomposition of the define
representation N into the direct sum of the representations of su(2). In other words,
this set corresponds to the partition of N. Furthermore, we can take the representative
element of s[(N, C) for each nilpotent orbit as the form of the Jordan blocks :

J[n] = D Jp, (D.Q.Q)
for each partition of N.
Without loss of generality, we can take ny > ny > ... > ny by using some adjoint
action.
For a matrix A, let us define new n; x n; matrix A;; for each i,7 = 1,2,...,k whose
elements are give as
(flij)uv = Aptupj+o for u=1,2,.. . njandv=1,2,...,n; (D.2.3)

In the same way as the semi-simple orbit, the commutant (or the stabilizer for the
group action) defined as

Z[n] = ZQ(J[n]) = {X S EI(N, C) ‘ [X, J{n}] = 0} (D.2.4)
Let us analyze this Lie algebra. Introduce

(Ea,b>uv = 5ua6vb (D25)
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where ¢ is the ordinary Kronecker’s . Then,

min(n;.n;) a
XZ] = Z l'g]) Z Ek,kJrnjfa <D26)
a=1 k=1

where x, € C. This has the constraint coming from the traceless condition, that is to say,

k
> i =o0. (D.2.7)
i=1
The number of 207 is given by
k r
Z min(n;, n;) = Z(Zz —1)n; = Z sz (D.2.8)

i,0=1 % a=1

where we used (D.0.10) and {s} = [n].

Since the complex dimension of Zy,, equals to the number of “independent” sl )

J

T

dimg 2y = ) 82— 1. (D.2.9)
a=1
Let us exhibit an example : N = 6 and its partition {3,2,1}
010! ‘ ( xgn) xén) : x§12) 512) : x§13)
001,00 e S e
| |
00 0! w o o 2™ 0 0.0
Sy =|---- -~ T Zm =9 "o NCD R R D ROl
0 0 O‘O 0o o 2V | 0 x(22):10
o o 0) ||l Gy TG oG
! L O O ZL‘l ‘ O 1 1 x]_
(D.2.10)
where 3:5511) + 2:5522) + x§3‘°’> = 0 and dim¢ Z,y = 13.
Therefore, the dimension of the nilpotent orbit is given by
dimg Oy, = dime sl(N, C) — dime Zgy = N = > 52, (D.2.11)
a=1
D.3 Induced orbit
Comparing the above two results for the dimension, we expect
ss nil
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a? + bec = m?
a’>+bc=0

Figure D.1: The image of the principal nilpotent orbit and the semi-simple orbit ap-
proaching to it in the case s[(2,C). The origin is smaller nilpotent orbit and some special
region in the semi-simple orbit approaches to this trivial orbit as the eigenvalues vanish.
The limitation and the orbiting do not commute each other.

where [s] = [n]'. Naively speaking, we can expect that (’)frf] approaches to (’)gl} as we take
the eigenvalues which specify the semi-simple orbit to zero. This is the idea of induced
orbit (Richardson orbit).

Let us consider a general element X of s[(/N, C). Then, the G-orbit through X is Ox =
SL(N,C) - X = Adsrv,c)(X). Now recall that the Jordan decomposition X = X, 4+ X,.
By the definition of the semi-simpleness, we can map X, into an element M ({n}), that
is to say, X, € sz}.

Then we have a question : When we specify the type of Levi group, namely, {n},
what is the possible choice of X,, ? For example, when X is a generic element of g, its
commutant a maximal torus of g and its intersection with Nj is only a zero element 0.
Therefore, X,, must be 0. In other words, the Levi type restrict the possible choice of the
nilpotent orbit.

In fact, we can take the limit M ({n}) — 0 and then

M(}inr}%ao Oxs+xy = O (D-3.2)

where the closure of a nilpotent orbit appears.

parabolic subalgebra The maximal solvable subalgebra of g is called a Borel subal-
gebra denoted b. There is a decomposition b = h @ n and n is the nilradical of b and
equals to [b, b]. b is the Cartan subalgebra of g. p is called a parabolic subalgebra of g if
it contain a Borel subalgebra.

Let us construct the, For that purpose, let © be a subset of the set of simple roots S.
Then,

Po = [) D Z [@ = b @D Z Ng (= p@\[@ <D33)

a€Z(S,—O)NAT a€Z(O)NAT

D Originally, induced orbits are introduced to construct the nilpotent orbits not associated to semisimple
orbits.

2 Naively, after taking the limit M — 0, its G-orbit always remains Ox, . Since the order of two
operations, namely, the limitation (X; — 0) and the consideration of its G-orbit do not commute, we
must consider the orbit O, at first, and then taking the limit M — 0.
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The parabolic subalgebras are one-to-one corresponding to the power set of S.

Given a parabolic subalgebra p = [ @ n and a nilpotent orbit O' € N{/L in [, there
exists a nilpotent orbit O such that (O;+n) N O is a dense set in n and O is denoted
as Ind}(Oy). This induced orbit is independent of the choice of p for fixed I. In the
special case Oy = O, the nilpotent orbit O is called Richardson. For g = sl[(N,C), all the
nilpotent orbits are known as Richardson, that is to say, there is a corresponding Levi
subalgebra [. Any nilpotent orbit not induced from any proper parabolic subalgebra is
called rigid.

Nilpotent orbit construction

Let us see the above story concretely [55,/135].
When a partition of N is given as [n], we introduce a new symbol as

J
p; = an (D.3.4)
i=1

Next, choose © as
© = (set of all the positive simple roots)\(e,, — €p,41, j = 1,2,..., k) (D.3.5)

and we can define the parabolic subalgebra. After the identification between the vector e;
and the corresponding Lie algebra element in gl(NV, C), we can introduce the vector space

V= é@ei (D.3.6)
i=1
and
P = {X € sl(n, CO)[X(V}) C V} (D.3.7)
ny = {X €sl(n,C)|X(V;) C V,_1}. (D.3.
The fact that X? acts on V; as 0 for X € N[, means
rk(X7) <n —dimc V; =n — p, (D.3.9)

where rk is the rank as N x N matrices. However, the important point is that there exists
such X satisfying the equality in the above inequality. By analyzing the kernel of X*, we
can find that the SL(N, C)-orbit through this X is a nilpotent element specified by [n]’.
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Appendix E

More mathematics on the dual
model

Here we develop some useful tools to compute the local Boltzmann factor B using
(4.5.8) and to prove some skein relations in App. First of all, recall the notations of
Lie algebras and their representations. Consider the case that the Lie algebra is su(V).
R(\) denotes the irreducible representation associated with a dominant weight A, Ag does
the dominant weight to R conversely and II(R) does the set of weights in R. w, for a =
1,2,...,N —1 are fundamental weights, h; fori =1,2,..., N are weights in II(R(w;) = 0O)

and there are relations between two as h, = w, —w,—1 Where wy = wyg = 0. We also use
N

the standard metric in weight vectors determined by h; = e¢; — % Z e; and (e;, e;) = ;.
i=1

E.1 Definitions

Let us start by repeating some definitions which appeared in Sec. [£.5.2]

We introduced a mathematical object which we call “pyramid”. This is just an as-
sembly of integers designated by two labels h and o = . h runs over 1,2,..., N — 1
and o does over 1,2,..., N — h for each h. Therefore, this object consists of %N(N - 1)
integers. There is an inclusion of weights into the pyramid as follows :

) a+h—1
Mo = D Ag (E.1.1)
B=a
N-1 A
where \ = Z Apwg. We also use the same symbol A for the pyramids not in the image
B=1

of this inclusion map. In such cases, ) is considered as a single symbol as a whole and A

DThe perfect order of the indices of h; is determined by the partial order in the weight lattice.
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is meaningless. Note that the addition can be defined as

(€181 4 €252) hia = €1(51)hia + C2(52) hiar (E.1.2)

which is consistent with the above inclusion map in the sense that it preserves the original
additional structure in the weight vector space. 0 is the identity element of this operation.
There can be also a product defined as

(51 % 32)hia := (51)h:a(52) hia- (E.1.3)

The distributive property is obvious.
We also defined two functions :

1. (4.5.5)) majority function mj for three variables :

a b=aorc=a
mj(a,b,c) :=< b a=borc=1"b (E.1.4)
c a=corb=c
and
m.j():h ):27 ):3) = {mj(():l)h:aa (XQ)h:aa (XS)h:a)}h:a (E15)

As there appears no case that all variables are distinct, this definition is well-defined
in our usage

2. (4.5.7) g-dimension function D :

N—1N—h ;3
. Mha +h
DI = Khﬁ+]q (E.1.6)
h=1 a=1 [ ]‘1
and there is a simple relation to the ordinary g-dimension as
dim, R(\) = D[A] (E.1.7)

where ) is the natural inclusion into the pyramid of the dominant weight A.
Finally, let us introduce following pyramids defined for any two subsets I, J of {1,2,... N}
satisfying INJ = ¢ :

fr =mj(0,—hy, hy) (E.1.8)

where h; := Z h;. They have equivalent definitions
icl

+1 if oeJanda+hel
(fr)ha=4—-1 if aclanda+heJ (E.1.9)

0 otherwise
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or

(fr.)na = Z sgn (i — J)On,ji—j|Oa,min(i,j) (E.1.10)

iel,jeJ

where ¢ is the ordinary Kronecker’s § symbol.
These pyramids satisfy the following properties :

fI,J = —fJ,I skewsymmetric (E.1.11)
fI,JuK = fI,J + fI,K linearity (E.1.12)
hy=fi. (E.1.13)

E.2 Convenient formulae

Now let us start the argument recalling the discussion in Sec[4.5.2] Consider three regions
called A,B and C' clockwise around a trivalent junction and denote their dominant weights
A4, Ap and Ac. See Figl.9in Sec[4.5.2] We also denote the outgoing charge associated
with the edge between the regions X and Y by axy for (X,Y) = (A, B),(B,C) and
(C,A).

We define the following objects in order.

N—-1 N
Axy = Ax = Ay =1 Y ASywa = Y Myhs. (E.2.1)
a=1 s=1

A%y 1s not uniquely determined due to the condition Z hs = 0 in the root vector space.

But it is uniquely determined if we impose the conditicins Xy = 0 and 3s A%y = 0.

We can find that A%y is either 1 or 0 and define Exy :={s € {1,2,..., N} %y = 1}
where |Exy| = axy follows and Exy := {1,2,..., N}\ Exy = Eyx. The cycle condition
A + Agc + Aca = 0 tells us Eap U Epc U Eca = {1,2,..., N} (disjoint union). Now
we have

mj(AA7 )\Bv AC) = >\AA + fEAB,ECA (E22)

and we obtain two other similar expressions by permuting the above cyclically as A —
B — C' — A. This formula will turn out to be useful in the next section.
Finally, we list a few propositions also used later.

1.
D[# + 2]D[j] = D[2]D[j + 2] when (& —¢) 2 =0. (E.2.3)

Each element in pyramid satisfies * = (Z)p.0 = (§)na = ¥ Or 2 = (Z)p.a = 0 and
then we can say [« + z|,[y], = [z],ly + 2], for any (h : «).
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fro*fxr =0 for JUJ)N(KUL)=¢ (E.2.4)

Using (fP,Q)h;a =0 for a ¢ P U Q, this statement holds true.

fraoxfrx=0 for JNK=¢ (E.2.5)

Assume (f[7j)h:a # 0 and (fLK)h:a # 0 for some common (h: «). If & € I, we have
a—+h e Jand a+ h € K but it is impossible by definition and we say J N K = ¢.
This is same for the case a+h € I. So the assumption is always false and the above
statement is true.

Note that there is a more general formula including last two propositions :

fI,J * fK,L = (fIﬁK,JmL)Q - (fImL,JmK)2 (E.2.6)

where 22 := 7 1.

E.3 Derivation of several skein relations

Based on our proposal for the local Boltzmann factor (4.5.8), we prove elementary skein
relations in this appendix.

E.3.1 Associativity

The associativity skein relation is given by

p Re v p Rc v
Ry Y>»~<{ R, = Rp t Rp - (E.3.1)
q RA r q RA r

Here s=p+q=v—r,t=q+r=v—pand v=p+ q+r. Their dual triangle quivers
are given as

Ac Ac

P PUQUR WQ UR
UR
g Ao = Ap Q< \p - (E.3.2)
Q R M

)\A )\A

188



which is the flip of the triangulations. We have introduced here P := E¢p, Q := Epa
and R := Eap. (E.2.2) tells that the local Boltzmann factors’ expression associated with
this equality is equivalent to

D[\g + fQ,P]_l/zD[)\AA + fR,PuQ]_l/Q = D[XB + fQuR,P]_l/QD[XA + fR,Q]_1/2 (E.3.3)

for any Aa, Ap, Ac and Ap. In the following, we prove this equality.

A

Introduce & := \p + pr and § := A4 + fro- Now we get

(L.h.s)"% = D[z]D[j + fr.r) (E.3.4)

(r.h.s)™2 = D[# + fr.p] D). (E.3.5)

To apply the proposition ([E.2.3)) to the above, it is enough to check (Z — g) * fR, p=0.
Since Ap — A4 = hg = fo.0

(T —9)* fR,P = (fQ,Q + fQ,P + fR,Q) * fR,P (E.3.6)

= (2frq + froourg) * frp =0 (E.3.7)

where we have used the two propositions (E.2.4)) and (E.2.5)) in the last line. Now we

have proved the expected equality.

E.3.2 Digon contractions

There is more non-trivial skein relations what we call digon contractions as shown below.

Ry R4
a+b a at+b  la+0] a+b (£.3.5)
= Dl .
Rp g
where [n],! := [, [i], for a positive integer n.

First of all, let us introduce several definitions. For fixed E,p, we define a natural
embedding

bz]ec

1,2, a4+ b} 25 Eap (E.3.9)
=1y ) for vy € {1,2,...a+b}  £;:=L(i) for i € Eap (E.3.10)
satisfying that 1 < &_{1 < E;,l <Nforl1<~vy<~<a+hb.
YooY

M = {(E; — ;1 0t for any 4 > 4} (E.3.11)

By definition, for any two subsets I,J (INJ = ¢) of E4p, it is true that (fLJ)h;a # 0 <—
(h,a) € M.
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Next, let M be the index set of the pyramid for SU (a + b) weights. In other words,
for (h : a) € M, h runs over 1 to a+b— 1 and ¢ does over 1 to a +b — h. The map ¢
induces a new bijection map ¢ from M to M as follows.

(h:a):=0(h,a) = (boyn — L : Lo) (E.3.12)

If we label the representation assigned to the inside region of the digon as .S, the left
hand side gives

5° DImj(Aa, A As)| f_pimer,, PIAB + fEpa1]
_ Z )\B+fEBAI+fEA5 7] _ Z D[)\AB‘FJ?EAS,I] (E.3.14)
ICEA )\B+fEBA I] ICEap D[)‘B]
[1]=b [Z]=b
Z H )\B"’fEAsI Yhea + hlg Z H fEAsI)Z 1(h,&) +h]
ICEAB (h,a)eM )\ +h ICEAEB (ha)eM [(M)h:d+h]q
|7]=b |7|=b
(E.3.15)

where we have used h; = ff,l’ I = Egs U E g and the proposition (E.2.3)) using also
(E2.5) fepat* feiss = 0. In the 3rd line, we have used (fg,s.)na = 0 for (h,a) ¢ M

and M ~ M and redefined () = (/\AB)Z_l(;m) + h — h where h = h(h, d) = él;lrd — 0t
Now what we should prove are two following equations.

a+h—1
Z 5 = fjg (E.3.16)
SU(ath 5

(hE(I)( " ))fz,d = (fEAS,I)Z—l(ﬁ7d) (E317)

The former equality says that ji is the image of a weight p in the pyramid and follows
from the direct computation based on the above definitions. The latter one means that
fE.s.1 gives an image of a weight in TI(A'C) of SU(a+b), and it also readily follows from
the equality

—

(hfg)(wb))h, (fEAB\I I) Lttt (E.3.18)

In conclusion, the numerator in equals to the g-dimension of the SU(a + b)
irreducible representation R(u + hyr)) up to the common factor [] 4 [h], and, the sum
over all the b element subsets of E 45 equals to all irreducible representations appearing in
the tensor product of R(p) and A’C]. Therefore, this gives dimqs Ulatt) Ab[J which exactly
reproduces the prefactor in the right hand of .
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Appendix F

Seiberg-Witten curve and Gaiotto
duality

This appendix is based on the review part of my master thesis (unpublished).

F.1 Gaiotto duality

The 4d N=2 SCFT has an UV marginal complexified gauge coupling for each (simple)
gauge group i.e. forms an UV deformation parameter space. Gaiotto claims that this
space is an Teichmiiller space for a punctured Riemann surface and that many properties
including UV dualities can be naturally interpreted or derived based on this fact.

Let denote Cy, T}, /\;lgyn and fgyn be the punctured Riemann surface with genus
g and n distinguishable punctures , its Teichmiiller space, its marked moduli space
and its mapping class group (MCG) respectively. Note that Mg,n =Tyn/ fg,n and the
moduli space has some cusps in general corresponding to the full degenerations of the
Riemann surface C,,,. The author in [14] speculated that there exists a weakly-coupled
gauge theory (but permitting some strongly-coupled matters with unknown Lagrangian
descriptions) for each cusp giving a degenerate Riemann surface. It also reminds that
many perturbation descriptions exist for the undefined M-theory or non-perturbative
string theory.

Then, what a gauge theory corresponds to each degenerate Riemann surface ? The
partial answer is as follow : These degenerate Riemann surfaces are graphs constructed
out of internal edges I, external edges E and trivalent vertices V. Each internal edge gives
a gauge group or a vector multiplet and external edge does a flavor symmetry specified by
the data on each puncture. Each trivalent vertex gives a intricate tri-fundamental “matter
multiplet” in general specified by three legs or punctures. Therefore from the graphs we

DTt is orientable and have no boundaries except puctures. According to the contexts, they include or
not a hyperbolic metric or a complex structure. We use “marked” if we distinguish the punctures and
“unmarked” if not.

2)Since there may be no Langrangian descriptions, we do use this word instead of “hypermultiplet”
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can read off roughly how the gauge fields and the charged matters are coupled although
the details of the matters are still unknown. Some examples are shown in Fig. and
[F.2l As the fully general constructions are unknown and the more detail one must be
discussed individually, we will exhibit some examples soon later and discuss some special

cases in [F.4l
C
OO~

Figure F.1: There exist various pants decompositions for a punctured Riemann surface.
Four examples are shown for the genus two and no puncture case : A, B, C (above left),
A,C, D (below left), C, D, E (above right) and D, E, F' (below right). Here the circles
represent the boundaries of the pants to cut along and a gauge group is assigned to
each one. The graphs are the degenerate Riemann surfaces or the quiver forms of gauge
theories. In general, there exist the infinite pants’ choices and each gives a duality frame.

Figure F.2: The external edges can be seen as the zero length limit of thin tubes. They
are also open edges in the degenerate graphs. Four examples are shown for the genus one
and one puncture case : A, B (above left), C, D (below left), A, E (above right) and C, E
(below right).

In this stage, it is expected to identify the MCG fg,n with self-dualities. As the
special case they include SL(2,7Z) duality for N'=4 super Yang-Mills. The full duality
which exchanges duality frames is the Moore-Seiberg groupoid which includes the MCG
as a “subgroup”. (See [204] for example.) A direct evidence for the full duality is the AGT
correspondence mainly for SU(2) case. The other and weaker one for self-dualities is the
M-theory construction itself in which the four dimensional physics depends on only the
complex moduli of the Seiberg-Witten curve in a given complex structure of a background

except for some cases with free Lagrangians.
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hyperKéhler manifold. However, in summary, there is little understanding for this except
for SU(2) case. We do explain some of these subjects in terms of the well-known aspects of
both string theories and field theories. We consider hereafter only Ay_i-type i.e. SU(N)

gauge theories.

F.1.1 A case

In A; case, each internal edge (thin tube) and external edge (puncture) gives a gauge
group SU(2) and a flavor group SU(2) respectively and this is all of the rules in A
case. In other words, a pair of pants gives a free tri-fundamental chiral multiplet and a
degenerate graph says how coupled these matters are via gauge multiplets corresponding
to the tubes between the pants. Assume that all punctures are equivalent but have one
mass parameter which is a Cartan of SU(2)-flavor symmetry for each puncture.

N. =2 Ny = 4 SQCD is a famous example of SCQCD with fundamental “quarks”
admitting a non-trivial SL(2,7Z) duality and its marginal deformation space of the holo-
morphic gauge coupling is given as a four-punctured Riemann surface. The outstanding
property of this duality is a triality combined in the Spin(8) flavor symmetry, which
maps quarks physics into monopoles one or dyons one. In the above Gaiotto’s framework,
this triality is realized as the permutations of the punctures. Since each puncture carry
a SU(2)-flavor symmetry, the explicit flavor symmetry read off from the four-punctured
Riemann sphere is SU(2)4 x SU(2)p x SU(2)¢c x SU(2)p ~ Spin(4) x Spin(4) and this
is the maximal subgroup of Spin(8).

The self-duality stems from the equivalence of all four punctures up to their mass
parameters although it is less trivial in terms of the type ITA construction. The famous
triality corresponds to the action under the permutation of SU(2) i.e. &4. This exchanges
the three 8 dimensional representations of Spin(8) :

8y, = (2(1 ® 2b) S (2c ® 2d) """ quark
8:=(2,02,) DB (2, ®2y4) +----- monopole (F.1.1)
8:=(2,®21)D(2,®2,) -+~ dyon

The corresponding geometrical point is shown in Fig.

We can extend the above discussion to the more complicated gauge theories. The
mapping class group of the starting punctured Riemann surface is generated by some
local actions on two pairs of pants. Weakening some gauge couplings or thinning the
corresponding tubes geometrically, and then applying the SL(2,7Z) duality on the four
punctured sphere (permutation of punctures), we finally obtain other duality frames.

3) At least, we can treat Dy-type i.e. SO/USp gauge theories incorporating M-orientifolds. ( [205])
Note that USp gauge groups appear even in the set-up of A-type 6d N'=(2,0) SCFTs.

Tt has 2* = 16 degrees of freedom in real. The tri-fundamental representation in SU(2)? gives 8
and the complex value does 2. This is the half of the ordinary hypermultiplet and usually called “half-
hypermultiplet”.

5)The triality is the outermorphism of Spin(8) and the full global symmetry is SL(2,Z) x Spin(8).
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SU(2) a SU(2)c SU(2) A SU(2)5

SU(2)p SU(2)p SU(2)c SU2)p SU2)p SU2)c

Figure F.3: We can gain three types of SU(2) Ny = 4 quivers. These are related by the
permutation of punctures. Each puncture has global SU(2)-symmetry and these are also
exchanged.

Let us consider Cy s case. This enjoys a non-trivial duality which is not self-dual in
the sense that some action can map the original quiver gauge theory into distinct duality
frames where some vector multiplets and some hypermultiplets are differently coupled.
See Fig. [F.4] In this case, there shows up a tri-fundamental half-hypermultiplet coupled
to three gauge groups.

The more non-trivial cases are shown in Fig. and [F.2] The former has three SU(2)
gauge groups and two hypermultiplets and closed loops stand for the adjoint indices of
the matter. The latter does two SU(2) gauge groups and SU(2) x SU(2) flavor symmetry.

F.1.2 A, case

For N. = 3 case, we have a more non-trivial and interesting phenomenon. This theory
enjoys only the I'g(2) duality generated by 7 — 7 + 2,7 — —1/7 where 7 = % + %
(See later or |206]) and there appears the infinite strongly-coupled point not to map into
the weakly-coupled point via it. This can be easily accounted for considering a four
punctured sphere whose punctures are categorized as two and two into two groups called
simple/minimal and full/maximal punctures. We will explain the kind of punctures in
[F.3.1] There exist two kind of degenerate limits : See Fig. and [F.6]

Then we obtain two essentially distinct duality frames one of which is well-known
SCQCD with six fundamental hypermultiplets. The other is mysterious because there
appears a SU(2) gauge group. Decoupling this SU(2) gauge coupling of dual theory, we
obtain one free SU(2) fundamental hypermultiplet and non-trivial SCFT named Minahan-
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SU(2)c SU(2)E

ooy e

SU((2)a SU(2)p

sSU@)e|  |su@)p

SU(2)p @ @ SU(2)E

SU(2)a SU(2)r

Figure F.4: SU(2) quiver gauge theories with distinct degenerations

Nemeschansky theory or T3 theory with Eg flavor symmetry. @ Note that the explicit
flavor symmetry seen from the punctures is SU(3)? which is the maximal subgroup of Fj.
In |[F.2.2] we will see this duality in terms of the Seiberg-Witten curve (or the Gaiotto
curve).

F.2 Gaiotto curve from the Seiberg-Witten curve

Next, we are going to derive and ensure some aspects of the Gaiotto’s conjectures and
discussions via the Seiberg-Witten curves’ analysis. Utilizing the famous Witten’s M-
theory construction [20], the Seiberg-Witten curve of a linear quiver gauge theory 7" with
n gauge groups and fundamental hypermultiplets gauged under only gauge groups at ends
of a quiver is given by

N

N
H t”Jr1 + Z Cala (V)" 4 iy H(v — véo)) =0 (F.2.1)

(=1 a=1 (=1

. . . 6 ;.10 . .
where we use a holomorphic coordinate v := z* 4 ia® and s 1= TE&— (Ryp is the radius

Rio
of z0-direction) or t := e~* corresponding to the choice of a complex structure in the
6)See also Fig. and later.

S
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UMe U(l)p

® . @sms) U(l)
O] [ i > -

Figure F.6: The same Gaiotto curve gives another duality frame that one SU(2) funda-
mental hypermultiplet is weakly coupled to a isolated SCFT via a SU(2) gauge field.

flat hyperKahler space R*. UISOO) and véo) are the positions of the Mb5-brane at t = oo and
t = 0 respectively and correspond to the mass deformations. ¢, (« = 1,...,n+ 1) are
functions of the effective gauge couplings and ¢,(v) (o = 1,...,n) are polynomials of v

and the Coulomb branch parameters ﬂéa) except for @\ given by

ko
Ga(v) = VP — Z ﬂga)vka_j (F.2.2)

J=1

where the whole gauge groups are SU (k1) x SU (ko) % - - - x SU (k). Each zlg-a) (j #1)isan
expectation value of the j-th order Casimir operator in the Coulomb branch for SU(k,)
and aﬁ“) are constants decided by some linear combinations of the mass deformation
parameters and vanish for the fully massless case.

The original field-theoretical representation of the curves appearing in [206] which
we call “standard” here (following [15]) is introduced later as a remark for the special
Co4 case. In this relation, we can see that @; is concretely determined by the mass
deformations.

Introducing K := max{ki, k2, ..., k,}, (F.2.1) can be written for v’s order

Fr(t,v) = [J(t = ta)v™ + Z pi (K= =0 (F.2.3)

These u; correspond to non-normalizable modes on the deformation space of the complex structure.

See also
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which we will use later to derive the Gaiotto’s form. Notice that ¢, are symmetric poly-
nomials of —t,.

Now let us impose the balanced (for D-branes) or conformal (for gauge theories)
condition :

In terms of ITA brane set-up, this means the force-balanced condition for each NS5-brane
because each is forced by D4-branes ending on that from both sides and bends in general
except that the forces or the numbers are balanced.[”| In fact the bending is consistent
with the running of the (holomorphic) gauge coupling at 1-loop level. ( [20])

Finally, the Seiberg-Witten differential is given by

PUERE v% = —vds (F.2.5)

in this case ( [207], [208]) but we redefine the Seiberg-Witten differential subsequently.
Note that this also differs from the differential for the standard form of the Seiberg-Witten
curve in [206] as remarked later.

(F.2.3) can be further written as

K

Fr(t, o) = T]( = t)(@) + D0 (0 =0 (F2.6)

« 7j=2

such that the coefficient of v"*~' to vanish. pj(t) are not polynomials of ¢ but ratio-
nal functions allowing the poles at ¢ = ¢,. Then we redefine the new Seiberg-Witten
differential as

A=Ay =0 — = —uds (F.2.7)
This redefinition is important for this new formulation but subtle point at the same time.

Mass parameters and residues

The difference between the ordinary one and this new one is the local center of mass.

LAt V(ydt
where
nt+l | 17 intl—a
V(1) i 2zaz0CaVal (F.2.9)

[T5(t —ta)

8)We assume that D6-branes are absent or if exist, moved to infinity via branes’ creations and annihi-

lations. See
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and

N (o)

_ =1 o=

V, =< al® 1<a<n (F.2.10)
évzl véo) a=n+1

The residues of A can be calculated by those of \"¢. They are given as

lt%_e(:)s AT — —vioo), —véoo), e —UJ(VOO) (F.2.11)
1 —
Res A7 = 0,0,..., — lim (t — t,)V (1) (F.2.12)
t=tq ~—— 1, t—ta
N-1
1tfies \rd — v%o), véo), e ,vg\?) (F.2.13)

noticing that the limits are well-defined because of the definition (F.2.9)).
The fact that the sum of residues of A vanishes helps us to attain

Res \ = —AW AP =AY (F.2.14)
_ 1 : I/ 1 1 N-—1
Res A = (7 im (¢ = )V0)) % (- 270 (F.2.15)
N-1
Ees A= Avf)), Avéo), ce Av](\?) (F.2.16)

with AUéO/oo) = Uéo/oo) — %‘/(0/00)'

The overall factors at ¢, t,41 and ¢, (1 < o < n+ 1) in the second line ([F.2.15)
correspond to the center of mass V., and 1} and the mass deformation parameters of the
(av — 1)-st bi-fundamental hypermultiplet respectively.

Recalling that the mass parameters belong to the adjoint representation of the flavor
symmetry, we can say that there is SU(N) symmetry at ¢t = 0,00 and U(1) symmetry at
the others. Actually, in the weakly-coupled limit of all gauge couplings, t; approaches to
0 and the total flavor symmetry SU(N) x U(1) accord with the flavor symmetry U(N)
of the N D4-branes. The redefinition of A\ to A corresponds to the decoupling of the
diagonal U(1) in U(N). To correctly reproduce the BPS mass formulae, we must redefine
the flavor charges assigned to the flavor cycles. Since A\ in are independent of
the Coulomb branch parameters, the expectation value of adjoint complex scalar in the
N=2 vector multiplet are only shifted by a linear combination of mass parameters. To
verify that this redefinition always works well in general case is so difficult problem and
we assume that we have another realization of 4d N'=2 supersymmetric gauge theories
via the M5-brane. )

9T appreciate the participants in my seminar for the thesis to make me reconsider this subtle point.
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There is the more convenient and mostly used form of the Seiberg-Witten curve in
terms of a projected curve :

N
N = i) (F.2.17)
=2
v p/(t)
Ti=— i(t) = ———1 F.2.18
] O (21
or equivalently
N
W=D Gilt) = ()t (F.2.19)
i=2

which is used later.

In the framework of the construction lifting from the type IIA set-up, this projective ¢-
“plane” is always a complex plane or a Riemann sphere. However once we attain this place
describing the UV information of 4d /=2 superconformal gauge theories geometrically, it
is natural to extend the punctured sphere to a general punctured Riemann surface. This
is the Gaiotto curve itself !

The Seiberg-Witten curve is a holomorphic curve of (¢, A(t)) or (¢,z(t)) and equiv-
alently Ygy € T*19C. The relation between the Seiberg-Witten curve Y gy and the
Gaiotto curve C,,, is clear : Xy is the N-fold cover of C,,,. N values of A(¢) corresponds
to the positions of the Mb-brane along the fiber direction at ¢ € C,,, and some points in
Cy.» at which some of A degenerate is a ramified point in terms of Cj .

Finally, let us see the massless case. In this case the things is so simple that v = v,
A% = X\ and

pi(t) = an*(a gl (F.2.20)

and we attain

Zn ( tn adt®z

a= 1

n+1 i—
Ha 1(t —1 ) t !
Notice that the orders of poles at t = t,—12,. nt+1 are always 1 and those at t = 0, 00

are i — 1 for ¢;(t). These numbers have a close relation to the flavor symmetries at the
punctures. It will be discussed about this point in [F.3.1]

Pi(t) =

(F.2.21)

SU(N) and Cj,4 case

In this case K = N and n =1, (F.2.1) is
N

Fr(t,v) =[Jw - o) = (1 +9q) ( Za )Hq]‘[(u—vg‘”):o (F.2.22)

(=1

10)This curve itself when CP' has been considered for a long time as an auxiliary tool.
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Here we rescale t to set ¢; = 1+ ¢q, co = ¢ where ¢ is a UV holomorphic coupling.

F.2.1 N.=2N;=4 case
This is the most simple case. The Seiberg-Witten curve (F.2.22)) is

(v —va) (v — vp)t? + (1 + @) (v* — Uyv — @)t + q(v — v.) (v — vg) = 0 (F.2.23)
(t — 1)t — q)v* + (—(vq + vp)t? — (1 + @)list — (ve + vq))v
+ (Vavpt® + quevg — (1 + q)iigt) = 0 (F.2.24)
and
Po()V” + p1 () + pa(t) = 0 <= 2° = po(t) (F.2.25)
pi — 4pops

where a(t) = prER
where ¢ = t5/t; and Tyy = 5~ log(q). Note that this definition is only valid for |q| < 1 if
requiring (ryy) > 0.

If Uy =

. (Ve + vp + Ve + v4), the masses which are associated to each puncture and

1+
Y a :i: c :i: ..
given by the residue of \ are 47 5 Ub, +7 5 Y4 These are very SO(8) (adjoint) masses

and reproduce quark masses | £ myx + A| (X = a, b, ¢, d) where we denote the scalar VEV
A to avoid confusing it with the label of puncture a.
In fact,

dt Jquizdt
A= i\/t(t—l)(t—q) (F.2.26)

and the behaviour at each puncture is the same. This suggests that the four punctures
t =0,q,1,00 are locally equivalent. This is consistent with the discussion [F.1.1}
On the other hand, we have room to map the punctures via SL(2,Z) translation on

Coa.

az+b
—>

2
e — (cz+d)*x (F.2.27)

We can gain arbitrary positions of punctures z,, 2, z., zqg but they are subject to a constant
ZabZcd

cross ratio g = . This is useful to move freely the punctures to collide each other.
Zad”be

Using the permutation subgroup of the above SL(2,Z) preserving the punctures’ po-
sitions 0, 1, oo, we can map ¢ into 1 — ¢ for example. As we see in this corresponds
1

to Tqy & ——.
TSw

) The relation to the Seiberg-Witten holomorphic (IR) coupling is remarked in
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F.2.2 N.=3N;=60 case

Here, we explain the simplest case of Argyres-Seiberg dualities from the Gaiotto’s formu-
lation.
The Seiberg-Witten curve of N, = 3 Ny = 6 SQCD is given by

Po(t)v” + pr(t)v” + pa(t)v + ps(t) = 0 == 2° = o(t)x + 3(1) (F.2.28)

pi — 3pop2 (1) = 221 9popia + 2705ps
322 ° 2733

where wo(t) =
Especially, po(t) = (t — 1)(t — ¢) and all the masses turn off

(14 q)uy L
“one-g Ym0 (F-2.29)

For this curve, we at first take a limit ¢ — 1 and uy — 0 (the latter correponds to
turning off the mass deformation in coupled SU(2) sector) :

(1+q)us

Pa(t) =

3 —2163

S R (F.2.30)

This says that all the three punctures at t = 0,1, 00 are equivalent (in the meaning
that each is a second order pole in K&?*) and that the puncture at ¢t = 1 carry SU(3) flavor
symmetry. Then the explicit flavor symmetry is SU(3) x SU(3) x SU(3) but enhanced
to Fg as expected. This can be seen via the famous Kodaira’s classification of the elliptic
singularities with the standard forms of the curves.

For this purpose, we change the variables as

1 ’iU3 1
== = —[(t—-1 = — F.2.31
w=guse Y ==t 1) fus] = g ( )
Note that this is invertible and preserves the Seiberg-Witten differential up to the (mero-
morphic) exact 1-form (giving the same physics). The curve (F.2.30) is rewritten as

y? =w? —u* (F.2.32)

This is the Eg type elliptic curve or Minahan-Nemeschansky’s curve ( [147]) in physics.
The Gaiotto curve picture is shown in Fig. [F.7]
Another point of view corresponds to a collision of the simple punctures. In order

— 1)t
to derive it, change the cross ratio using a SL(2,C) transformation z = (q—t)
q JR—
This maps 0, ¢, 1, ¢ into 0,00,1,¢ = 1 — ¢ and x into j]__ 13:. Therefore (F.2.28)) is
Z24+q—
rewritten as
2 A4 _ 2 A4 /
I k0 L T Clk DLAL: (F.2.33)

H(z=D—-¢q)  2-1)(E-¢)?

12)We have done the reduction.

201



° . ®
—
. ® ®

Figure F.7: collision of two simple  Figure F.8: collision of two full
punctures in A, punctures in A,

In a colliding limit ¢" — 0, we have (factoring out x)

2u
2 2
== F.2.34
v 22(z—1) ( )
This is the very SU(2) Ny = 4 curve without masses in the weak coupling limit.(Fig. [F.8)
Actually we can gain the coupled one setting ug be zero in ([F.2.33)).

Taking the above two observations into consideration, we can guess the special case
of Argyres-Seiberg duality :

SU(3) w/6-(3®3) ¢— SU2)w/ (2-2®SCFTg,) (F.2.35)

F.2.3 Remarks on the relation to the standard Seiberg-Witten
curve

Here we discuss the the most simple and important Cy4 case about the relation to the

original representation of the curves.

The standard forms of the Seiberg-Witten curves in superconformal cases (Ax_1-type)
are given by [206]

y* = P(w)* — (1 - g(1)*)Q(w) (F.2.36)
2N
P(w) :=det(w —u)  Qw):= [J(w+gu+pm)
I=1
1
Here m; are the mass parameters of U(2N) flavor symmetry, p = — Z?fl my is the

center of mass and p; := m; — p is the relative to it. g(7) is a modular function defined
as

04(q)* + V2(q)*
Va(q)* — V2(q)*

which gives the UV coupling gy = >0V,

13)

g(T) == for q:=e*™"" (F.2.37)

This terminology is the convention too. Both describes the same physics but differ by a finite
renormalization.
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These standard curves are related to those via M-theory by the following variable
transformations

1 Pw)—y
1—g(7) Qoo(w)
and these are one-to-one because the inverse ones exist. The sign difference between v

and the mass cancels the minus of —v'ds in (F.2.5).
Here divide the 2N hypermultiplets’ masses into two groups N and N as

t .=

vi=w+(g—Dp vri=—my (F.2.38)

N N

Qoo (V) 1= H(U - vi(oo)) Qo(v) == H(v — () (F.2.39)

i=1 a=1

Then we attain the M-theoretically constructed curves :
Qoo (0)t* = (1+ @) P(v) + ¢Qo(v) = 0 (F.2.40)

where P(v) := P(v— (g —1)p). This is why we use the notation @ instead of u in (F.2.2)
and so on.
Next focus on the Seiberg-Witten differential. Recall that the differential is given by

Asw = %ﬂ;l)’udlog (%) (F.2.41)
Ay = vdlog(t) (F.2.42)

The relation between two is

Qoo(V)
Qo(v)

This says that two are equivalent up to an exact 1-form.

A+ %dlog ( ) = Tidew (F.2.43)

The Seiberg-Witten curve with fundamental hypermultiplets

A string ending on a D4-brane and a D6-brane at the center of a monopole generate
a quark in (anti-)fundamental representation. Therefore the Seiberg-Witten curves in
( describe dynamics with hypermultiplets. However, it is complexified and difficult to
analyse it on the non-trivial background metric of Q.

We can replace () by flat R* with a trick. For the purpose, recall that the four
dimensional low-energy physics is independent of the Kahler parameters because the curve
and Seiberg-Witten differential are determined by only the complex structures. The
Kéhler parameters of the Taub-NUT space are the center positions of the monopoles
and this suggests us to take arbitrary positions. It seems strange because we can get
the D6-branes away to the infinity and then the D6-branes give no effect on the four
dimensional low-energy physics. The solution to this puzzle is to consider the branes’
creation-annihilation process sometimes called Hanany- Witten effect (transition). ( [19])
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Then we can replace (Q by R* with the generated D4-branes. The brane creation-
annihilation are dictated by a linking number. This linking number for each D6-brane is
defined by

(L—R)— %(e ) (F.2.44)

where L/R =(# of D4-branes in the left/right) and ¢/r =(# of NS5-branes in the
left /right). We can define those of NS5-brane by replacing NS5-branes into D6-branes in
the above. Then the Hanany-Witten effect says that the linking numbers are preserved
before and after the branes’ contact.

Now let us write down the Seiberg-Witten curve taking this into the consideration.
Let I, be the a-th interval between a-th and (a4 1)-st NS5-branes in the type IIA setup.
Then introduce

To() == ] (v —va) Jow) == Jnp1(v) := 1 (F.2.45)

Gu(v) =0 — Z okt g (0) = gy (v) =1 (F.2.46)
fora=1,2,...,n

where 2§ is the x%-position of ¢-th D6-brane (¢ here is not the number of NS5-branes
used in the linking number) and J,(v) and g,(v) are degree d, and k, polynomial of v
respectively. With these polynomials,

Aa(v) = caga(v HJB *F fora=0,1,...,n,n+1 (F.2.47)

where ¢, are constant complex numbers associated to the gauge couplings.
Assembling these ingredients, define

n+1
4o (V) 1= Cagalv HJﬁR a—F H Ja.p(v)" P fora=0,1,...,n,n+1 (F.2.48)
B=a+1
and finally the complete Seiberg-Witten curve can be written down as

n+1

v) =Y Ga(o)t" T =0 (F.2.49)

Note that the position along z* and z° directions of the D4-brane created by the Hanany-
Witten effect is fixed by the position of the D6-brane. In fact, there are no other variable
complex parameters. See Fig. [F.10]

4] thank S.Sugimoto for telling me a nice and intuitive interpretation in terms of M-theory as follow.
Roughly speaking, the moving M5-brane is hooked on the Taub-NUT center and the hooked part of the
Mb5-brane reduces into D4-brane in the type ITA setup. (See [209)])
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We find that the degrees of v for g,(v) can be all the same for each conformal quiver
by appropriately moving the D6-branes to the left or right infinities. This proof and
the classification of possible conformal quiver tails will be discussed in for that of
conformal punctures.

F.3 Classification of punctures

In this section, we focus on a puncture. This is a boundary condition and restricts the
Seiberg-Witten curve or four dimensional low-energy physics. In terms of six dimensional
SCFT, this is a codimension two defect which arises from a M5-M5 branes’ intersection.
Therefore there naturally appear the same tools describing the surface operators in four
dimension.

There are two types of puncture, one of which naturally appears in the superconformal
quiver gauge theories and is called regular. We analyse this type of punctures in detail and
the definition will be clear finally. The other type of punctures (not regular) are called
irreqular. These punctures play important roles in the construction of non-conformal
quiver gauge theories or AD theories but are not treated in this thesis. (See [15] or [210]
for example.)

F.3.1 Regular punctures

In this stage, we can not define regular punctures directly but they are punctures or defects
preserving conformal symmetry roughly speaking. Here the punctures constructed from
the ITA set-ups lifted to M-theory are called “regular”. It is possible to represent the data
(integer sequences) in various equivalent manners.

e the orders of the pole of ¢ at the puncture : {p;} (= Newton polygon P)

17Qa

e the leading orders of the pole of A ~ O((z — z,) % )dz : {q.}

e gauge groups [[, U(k,) : {k.}
e flavor groups S([[, U(d,)) : {da}

We can simply summarize them as a Young diagram Y as explained later and it will be
also clear that there exists an one-to-one correspondence between the diagrams and the
punctures. Then we have p(N) kinds of regular punctures. Here p(N) denote the
number of the partition of N. We will explain this fact by starting from ITA set-up.
Consider one end of a (conformal) quiver gauge theory and assume that it is like the
form in Fig. [F.9 This is sometimes called a quiver tail. ( [211]) In this case, we have a

15) As we will see soon, they include a negligible puncture which does not affect the theory and there
are p(N) — 1 kinds exactly for A-type.
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4

==+
U(dy) U(dz2) U(dn)

T~

)%
Figure F.9: conformal quiver tail Figure F.10: NS5-D4-D6 systmes

sequent gauge groups and flavor groups for fundamental hypermultiplets and denote those
sizes (= rank for U / rank+1 for SU) by {k,} and {d,} (a = 1,2,...,h) respectively.
h is the length of gauge groups chains and is an arbitrary positive integer. Note that
kn—1 # kn = N (definition of h) and add ky = dy = 0 and k1 = N, dp1 = N for later
convenience. Then define another sequence {q,} as ¢, :== ks — ko_1.

The conformal quiver condition in N'=2 gauge theory says that the one-loop part of
the § function should vanish or that is

ba = —2]€a + ka+1 + ka—l + da =0 (Fgl)

which is modified from (F.2.4). (F.3.1))) says that dj, > 0 or k;_; < kj, and that {q,} is
non-increasing since qu11 = qo — dg < ¢, Using .

We also have a restriction k, > 2 because non-vanishing U (1) gauge couplings are not
conformal in four dimension and find that

Qn=q=2qg=d, >0 (F.3.2)

These assert that {k,} is a strictly increasing sequence starting from k; greater than 1.

This assertion actually guarantees the first assumption of the tail form.
h

Now we have a N’s partition {g,} since Z Qo = kn — ko = N. The reverse map from
a=1
a partition to a quiver is trivial except for N = 1414 ---+ 1. It is summarized that the

classification of the conformal quiver tails equals to the set of all partitions of N except
for a partition like [1,1,1,...,1] (all 1).['?| It is conventional and useful to introduce the
corresponding Young diagram by Y, and its transposed by YV := Y[ = [n1,na,... 0.
We number boxes in Y by 1 to N such that k, 1 +1,k,_1+2,...,k, from the left to the
right in the a-th row. We also denote the height of i-box in Y by H,.

For instance, the classified list for the As-type quiver gauge theory is shown in Fig. [F.11]

The form of Seiberg-Witten curve

Next we investigate the pole structures of the mass-undeformed Seiberg-Witten curve or
the Seiberg-Witten differential. Before doing this analysis, we must prove the fact that

16) The exception type is called “null puncture” but plays no role for A-type.
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3,1,1] [1,1,1,1,1]

Figure F.11: The classification of all the possible quiver tails and their Young diagrams
for A5 (SU(6)) case.

all g,(v) can have the same degree of v if moving the D6-branes appropriately. This is
the extension of the last analysis of the quiver tail.

We can see in the same way as before that {ko4+1 — ka}a—o01,., IS a non-increasing
sequence and we have

kl§k2S--~<khL:kh+1:"':kn+17hR:N>--~an722kn71an (F33)

Note that when k; = N or k, = N, hy = 1 or hg = 1 respectively. Then divide the
D6-branes into two groups such that all in I, (o < hy) belong to a group £ and all in
I, (o > hgr) to another group R when hy, <n+1— hg. For hy =n+1— hg =: h case,
dy, := N — kj_1 D6-branes are put into £ and dg := N — k1 = dj, — dy, into R. After
moving all the D6-branes to the left infinity if in £ or the right infinity if in R, we have
l;:a D4-branes in I,. The previous analysis tells us that

hp—1

ko = ko + Z(j—oz)dj+(hL—oz)dL fora=0,...,hy — 2
j=a+1
fny 1 = knp1 +dr,
ko =ko =N fora=hp,...,n+1—hpg (F.3.4)
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knto—ng = knyohy, +dr

a—1
ko = ko + Z (a —j)d; + (o —hr)dg  fora=n+3—hg,...,n+1
j=n+2—hg
For qAa = ];:a - ];:afb
qAaJrl - (ja = ka+1 + kafl - 2ka + da = _ba =0 (F35)
except fora =h, =n+1—hr=nh
Gh1 — Gn = kngr + kn_y — 2kn = kngy + kny — 2kn +dp = b, =0 (F.3.6)
foth:n+1—hR:h
shows that ¢1 = ¢ = - = ¢ = Gny1 = ¢ = 0 and ko = N for Va =0,1,...,n,n+1in
conclusion.

Pole structures

As a final step we study the behaviour of ¢; and A at a t = oo pole labelled by Y. As

t — oo, the Seiberg-Witten curve (F.2.49) gives

n+1 N
H(t - ta)UN + Z<—Csi NESi)tn-H_Si — Csi_;,_lﬂz(.si—’—l)tn—si —
a=0 1=2

where we define
s; = min{alk, > i}

which equals to H; by definition.

Recalling (F.2.21),
Gi(t) — coulgrris as t — 00
In the coordinate z = 1/¢, p; is defined as
$i(2) = 27Pdz®" as z—0 (t— o)

and on the other hand (F.3.9) says

¢1(Z) = &dzj(@i ~ z*(”+1*82‘) ntl _—i

LGz —z)7 o

Then we obtain the relation between p; and H;.

pi=t—s =1—H,
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S,L'*Z'

N =0 (F.3.7)

(F.3.8)

(F.3.9)

(F.3.10)

(F.3.11)

(F.3.12)



PN

pk;ﬂ te pkg i

plml"' ka
P1 | P2 Py

Figure F.12: The numbers p; = i — H; assigned to each box of the Young diagram (left)
give a Newton polygon (right). The shape of the polygon is restricted such that the slope
given by each neighbored two points is either 0 or 1.

This can be determined by the rule shown in Fig. [F.12] Note that p;+1 —p; =0 or 1 and
then {p;} is a non-decreasing sequence.

The final relation to prove is the singular behaviour of A or x. If we assume x ~ z7¢
as z — 0 then we gain

Gi()AN T~ PN g 5 0 (F.3.13)
The leading order cancellation suggests

Ja<b po+(N—-—a)a=p,+ (N —ba (F.3.14)
Pa+ (N —a)a>p;+ (N —i)a fori(#a,b)=0,1,...,N (F.3.15)

and this can be rewritten as the condition

> PimPa g

_ Z = 1>a
B=Pal™ iz (F.3.16)
b—a <= ® for i<a
71— a

This condition and the non-decrease of {p;} tell us the restriction shown in Fig. [F.13[and
finally give a Newton polygon shown in Fig. [F.12

The equation ([F.3.14) means that the order of the singularity at z = 0 in A is given
by the slopes shown in Fig. because

Pka —Proy _ Ga—1
ka - ka—l qa

(F.3.17)
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/////
77

allowed region

Figure F.13: Given the two points which cause the leading cancellation of ¢; AV~ the
other points are restricted to the shaded areas.

1-g,
There exist g, of N solutions with a behaviour A ~ z f around z = 0.

In summary, we see the previous list to characterize the punctures constructed from
the type IIA set-up. To gain the quiver tail from the 6d N'=(2,0) SCFT, we need some
U(1) flavor symmetries of each bi-fundamental hypermultiplet and fundamental ones. For
the purpose, it is necessary to collide enough number of simple punctures with the generic
regular puncture. In fact, the claim that the punctures to collide should be the simple
ones is found from the analysis of the Seiberg-Witten curve . This can be also
found in terms of the number matching of complex structure moduli parameters and the
holomorphic gauge couplings. See Fig. [F.16] as the example.

Revisit the definition of regular punctures. We once defined it by the lift from the
brane constructions of quiver tails in the type ITA string theory. A clear definition will be
introduced in analysing the boundary conditions of the Hitchin system in [F.3.2 However,
we see that a general puncture satisfying the assumptions gives a conformal quiver tail
when we collide enough simple punctures with it and admit some assumptions and justify
the former definition.

Assume that the order of each pole in ¢; in the massless case is an integer and less than
i. The integral condition claims that ;(z) are single valued functions. Then colliding
enough simple punctures to the puncture to take the appropriate weak coupling limit,
we can have a degeneration shown in the left of Fig. [F.I71 Each pair of pants has a
simple puncture. For the purpose, let us count the Coulomb dimension for it. This is the
number of independent coefficients (complex moduli parameters) of the polynomial lying
in the numerator of ¢r(z). As we know the singular behaviour at each puncture, we can
determine the degree of the polynomial. The result is

di = () +p” + ) — (2k - 1) (F.3.18)

which is the Riemann-Roch theorem, mathematically speaking. If there is a simple punc-
ture at z = 0, pl(CO) =1and pg)) +p§€1) +p,(€°°) < 2k —1. Then the pair of pants with a simple
puncture has no Coulomb moduli and gives just free hypermultiplets coupled to gauge
fields because there are no degrees of freedom in the 4d low-energy effective theory. Now

returning the starting set-up with a general regular puncture and enough simple ones, we
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Figure F.14: This is a Newton polygon for
[4,2,1]. The horizontal axis represents the
order of the pole in the degree i differential
¢i(z) and the vertical does p;. The slopes of
the dashed segments correspond to ;.

Figure F.15: The quiver tail graph
for [4,2,1] type. This is conformal.

Figure F.16: The punctures for regular one [4,2, 1] and four simple ones give the above
right quiver tail subdiagram if they collides. * accompanied with a Young diagram has the
data about (the flavor symmetry of) the fundamental hypermultiplets without a diagonal

U(1) and e’s do the U(1) and (those of) the bi-fundamental ones.

have an ordinary conformal quiver gauge theory if the conformality is unbroken in the
process and this must be included in the already obtained classification started from the
ITA set-up.

A direct interpretation of Young diagram

Finally. we comment on how to see readily what brane configuration appears in the type
ITA with a general puncture labelled by Y and enough many simple punctures. A box in
a-th row and /-th column of the Young diagram Y represents a D4-brane connecting the
(-th D6-brane and the a-th NS5-brane. Here we label the orders of D6-branes such that
the outer D6-branes be the smaller.

This point of view will be useful on considering the mirror dual set-up. When we
consider the appropriate T-dual NS5-D3-D5 set-up, the S-duality in type IIB string theory
acts on the Young diagram as the transposition. (c.f. [125])
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F.3.2 Punctures as the boundary condition of the Hitchin sys-
tem

The discussion here is based on [131]. The starting point is the Hitchin equation over
C,n B2).

Consider a general puncture preserving the conformal symmetry at z = 0 and see the
singular behaviour of the Higgs field :

v

D(2) = (p(2)) = %—f— (regular) (F.3.19)

where & is an element of s[(V,C) and a semisimple (= diagonalizable) element.

v

N

& ~ diag(my, ma, ..., my) satisfying Z m; =0 (F.3.20)
i=1

Here ~ means that they are equivalent up to conjugacy. Recalling the Seiberg-Witten

curve is given by the Hitchin equation, we find out that {m;};—1 2~ equal to the residues

of XA at z = 0 and then just the mass deformation parameters.

What happens in the massless case 7 Naively, @ vanishes and there seems to disappear
the Seiberg-Witten curve. However ® is an element of s[(N,C) in general and not always
diagonalizable. Since all the eigenvalues are degenerate to zero in this case, there are all
possibilities of the Jordan blocks with only zero eigenvalues. We write the Jordan blocks
and Jordan cell as

d components
N

g 01 0 0 \
o0 1 - 0
J[dl,dg,...,dt] = Jd1 &P Jd2 b---Pp Jdt Jy = el e (F.3.21)
0 1
0o0 -+ 0 0

and there appears a partition or a Young diagram Y, again. Therefore it is expected that
there exists an one-to-one correspondence between the regular punctures and the types
of the Jordan blocks.

The proof is straightforward. It is possible to suppose the regular (non-singular) term
in ®(z) to be non-zero in general. Then it is enough to represent det(Ay — ®(2)dz) as
a polynomial of x for A\y; = xdz and read off the singular behaviour of each coefficient
function of z when ® = Jidy do,..ay) for dy > dy > --- > d;. Using the definition of
determinant, we can decide the most singular term of z among the terms with a fixed
degree of x. Notice that there are no ¥ ~! terms. The most singular term for ’ comes
from (N —i+1,N—i+1), (N—i+2,N—i+2), ..., (N, N) components in the diagonal
and the order of the singularity is.

B t
> (do—1) for 3B st. > do =i (F.3.22)
a=l a=p+1
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B+1 t
> (do—1) =6 for dg>6;:=i— Y dy>0 (F.3.23)
a=1 a=F+1

Actually, these values are given by the rule just remarked in from Young diagram
Y, =[q1,q, ..., qn] to {p;} itself.

In summary, we can conclude that the Jordan block type Y, of (i)(z) gives the type of
regular puncture for Y = YI' and that the insertions of codimension 2 defects or punctures
impose boundary conditions of the Higgs field in the Hitchin system.. The behaviour of
the Higgs field at a puncture is also the simple definition of regular punctures. If d is the
more singular than 1/z at z = 0, we have a “irregular puncture”.

Ul(de) U(dp) Ul(da)
U<kc)

U(dy) U(da)
U(kb)

U(da)

Figure F.17: The degeneration makes new punctures at both edge of the thin tube. The
above shows that Y; and e(simple) give rise to Y5 and that Y3 and e do to Y5. (left) The
corresponding quivers are changed by decoupling the gauge group at the end one by one.
(right)

F.3.3 Operator product expansion of regular puncture defects

We can regard the choice of pants decomposition and its degeneration limit as the operator
product expansion (OPE) of punctures in terms of the six dimension SCFT. We assume
that the OPE of the punctures or the codimension 2 defects should be determined locally.
In other words, the newly generated defect in the OPE is determined if we choose the
kinds of colliding puntures.

The most clear case is the OPE of a regular puncture and a simple puncture. See
Fig. [F.17 The procedure in terms of Young diagram for the regular puncture is shown

in Fig. [F-18)
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0 — [T11] — CITIIIII11] — [IIIIITT I}
SU(5) SU(8) SU(11) SU(12)

Figure F.18: This is the sequent collisions of simple punctures. The group below each
Young diagrams is the gauge group at the end of the quiver tail in each step.

We can analyse what type of puncture appears in the OPE of two general regular
punctures as follow. Suppose ¢ is a position of a puncture enough near 0 and the sigular
behavior of ®(z) both at 0 and at ¢ is

4 T 4 T
dYa oYy

d(2)

+ (regular) (F.3.24)

z z—q

and we can set ¥ = J, and %' = g~1J,g for some g € SL(N, C).
The OPE corresponds to the limit ¢ — 0 and we gain

dYa 4 Y J.+g L

F.3.25
. . ( )

O(z) —

In general J, + ¢ 'Jyg has non-zero eigenvalues m/, m, ..., m/y and is semisimple.

This says that the generated puncture in the OPE has a non-zero mass deformation.

Therefore we must take the massless limit m/,mi,...,my — 0. All the eigenvalues
vanish and the new type of the puncture is determined.

For example, we can directly check for N = 3. Recall that the partition [3] corresponds

to the full puncture with SU(3) flavor symmetry and [2,1] does to the simple puncture

with U(1) flavor symmetry. The concrete calculation following the above procedure shows

B x 3 =3 Blx21=3[21x[21] =3 (F.3.26)

and this supports Argyres-Seiberg duality discussion.

F.4 Class S construction

We explain why codimension 2 defects are important for class S theories and derive some
fundamental properties utilizing string dualities. [212]

The building blocks are called triskelion. Especially, the most basic theory is
obtained from the N M5-branes wrapped on the sphere with three full punctures (Cysy).
This is usually called Ty and non-Lagrangian theory for N > 2.

17)

This is a terminology introduced in [124].
18)For N = 2, Ty is a free hypermultiplet in the trifundamental of SU (2)? since the simple and the full
are same. For N > 2 there are some Coulomb branch deformations in spite of non-gauge theory.
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Figure F.19: The example of the procedure for A,. The extension to general N is direct.
Left : This is a Riemann sphere with 12 simple punctures. Middle : 3 branches of
4 simple punctures are gathered. When 4 simple punctures approach each other, there
appears a quiver tail with gauge groups SU(2) x SU(3) x SU(4) x SU(5) x SU(4) x
SU(3) x SU(2) and with 1,1 and 2 fundamental hypermultiplets are coupled to left end
SU(2), right end SU(2) and SU(5) respectively. In the weak limit, the Riemann sphere
gives rise to the quiver shown in figlF.20,  Right : This is a trinion (pairs of pants). The
low-energy theory appearing when N Mb5-branes wrapped on this is usually called Ty.

F.4.1 Ty theory

Here we explain how this T theory is obtained from a Riemann surface’s configuration
with a weakly-coupled Langrangian description. Let us start from the sphere with 3N — 3
simple punctures which gives a linear quiver gauge theory and then the simple punctures
are grouped into three banches with N — 1 simple punctures in each banch. Recalling
that colliding N — 1 simple punctures yields a full puncture from [[~.3.7]and [F.3.3] we can
replace each banch by a full puncture. Decoupling the gauge symmetries, we attain
the desired trinion with three full punctures. This procedure is also shown in Fig. [F.19]
The Seiberg-Witten curve for this Ty theory can be written down recalling the previous

discussion in [F.3l The behavior at a puncture is known and ¢y ~ ————— for the full
z— zg)F

puncture at z,. We can set three punctures at z = 0, 1, 0o by the SL(2,7Z) transformation.
Then we have

Pk_g(Z)

br(2) = p=T. 1>k_1dz®k for k>3 (F.4.1)

where Py(z) is an order k& — 3 polynomial of z and each coefficient of z* gives a Coulomb

branch parameter ug) whose scaling dimension is k. The Seiberg-Witten curve is

oV = Z op(2)aNF (F.4.2)

19)Here we assume that the kind of the puncture are determined locally.
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DO OF

SU(N)

Figure F.20: The triangle quiver gauge theory corresponding to the middle in fig/F.19|

as we have seen before.
The total dimension of the Coulomb branch is

i(k —2) = WV - DIV - 2) (F.4.3)

2
k=3

We can do the same discussion for any theories (not gauge theories) which can be
obtained as the four dimensional low-energy theories from the N coincide M5-branes
compatification by a three-punctured sphere Cy3 with three codimension two defects
labelled by {p”}, {p\"'} and {p°}. Here {p!*'} represents the order of the singularity of
¢i(z) at z. Tts Coulomb dimension is already given in . This pair of pants is the
triskelion. Then we can construct many kinds of quiver gauge theories by sewing several
triskelions. The sewing means gauging some subgroups of flavor symmetries associated
to the punctures.
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Appendix G

Drukker-Morrison-Okuda’s
correspondence

In this Appendix, we see that there exists a correspondence between the charges of Wilson-
't Hooft loop operators and the curves on C,, (genus g Riemann surface with n ([1?]-type)
punctures) for generalized quiver gauge theories. This one-to-one correspondence between
the total charge lattice and a certain class of curves on Cy,, was mathematically discussed
in [25]. Their precise claim is that the Wilson-"t Hooft loop operator classification includ-
ing flavor ’t Hooft loops in the A; quiver gauge theory T% [Cy(n - [1%])] associated to Cl
is the same as the isotropic classification of the multiple non-(self-)intersecting unoriented
curves on the punctured Riemann surface Cy,. Using the skein relations, we can decom-
pose any curves into non-self-intersecting loops. No orientation for curves corresponds
to the fact 2 ~ 2*. Notice that they just claim that both generate the same modules.
The concrete map does not guarantee the precise correspondence but just true for “the
highest weight”. See the introduction in Sec. for example. Note that all the dyonic
loops are pure type in the A; quiver gauge theory, that is to say, any dyonic loop can be
mapped to a Wilson loop by a duality action i.e. a Moore-Seiberg groupoid action. This
fact corresponds to the absence of junctions in the language of the 2D geometry on Cy,,.

We introduce a useful mathematical terminology for this purpose. Consider a set of
closed curves over C, , without any intersection points but permitted to end on punctures.
This may be disconnected but all the loops contractible to a point or homotopic to the
cycle around a puncture should be removed away from it. || We call the isotropic class of
the collection of these curves lamination on C, .

G.1 Possible set of loop operators

At first, we classify all the loop operators in the A;-type quiver gauge theory associated
to a punctured Riemann surface Cy,, with a pants decomposition o. Recalling the classi-

DOr we consider the equivalent class up to such loops.
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fication result for one gauge group ([1.2.19), each cuff gives a pair of integers (p;, ¢;).
p; corresponds to an element of Ay /Way(2) = Zso or a magnetic charge. If p; # 0, there

remains no Weyl gauge symmetry and ¢; is an element of A, >~ Z. If p; = 0, the possible
choice of ¢; matches with the classification of Wilson loop and is an element of A,; ~ Z.
There are 2(3g — 3 + n) integers because the number of gauge groups is 3g — 3 + n.

In addition to these, there are another n parameters corresponding to the flavor ('t
Hooft) loop which is coupled to the background (dual) gauge field with the associated
flavor (magnetic) charge. We label them by p; where ¢ runs from 3g—3+n+1 to 3g—3+2n
because these are the ordinary 't Hooft loops after it is gauged. In summary, each p; is
associated to a cuff (i = 1,2,...,3g—3+n) or a puncture (i = 3g—3+n+1,...,39g—34+2n).
Then we have 6g — 6+ 3n parameters. However there is another constraint in these quiver
gauge theories : quantization condition. Each free hypermultiplet associated to each
trinion gets a phase when it is transported around the Dirac string of loops. When the
integers p., pp and p. represent charges which the hypermultiplet has, the phase factors
acting on the tri-fundamental hypermultiplet of SU(2) (See Sec. are given as

(627ripa (%03) : 627”'?13 (%03) : 62“1’6(%‘73)) (G.l.l)

for each SU(2) symmetry. Therefore, the diagonal components of the 8 x 8 matrix acting
on the free matters are exp|mi(+p, &+ py = p.)]. Since the gauge transformation must be
single-valued, we should impose the constraint

P+ po + pe € 2Z (G.1.2)

and then the above 8 x 8 phase factor matrix become the identity matrix.

In summary, the generalized Wilson-'t Hooft loops which include flavor loops of the
quiver theory T3 [Cy(n - [1?])] are parametrized by 6g — 6 + 3n integers with a Weyl
reflection identification and the quantization condition.

G.2 Construction of the one-to-one map

Although there are several manners to characterize the lamination, we use the tube-pants
decomposition adding tubes between the pairs of pants here because this corresponds to
a choice of the duality frames of the SU(2) quiver gauge theory. ["| Now, the n punctured
genus g Riemann surface consists of 3g — 3 + n thin tubes and 2g — 2 + n pairs of pants.
We depict a pair of pants by a disk with two holes as shown in Fig. [G.1]

1. Homotopic operation

The lamination is also decomposed according to th e pants decomposition. We can keep
any windings around the thin tubes on the decomposition. The part of the lamination on

2 Here we use the different notation in which the root has length 1.
3)The factor 2 before Z origins from the different notation. See the last footnote.
4)The viewpoint from the triangulation is remarked in [83] for example.
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Figure G.1: The pair of pants can be represented as a disk with two holes. If one or
two of the cuffs are punctures, we replace the puncture(s) by a hole(s). Notice that there
are two regions “upper” side and “lower” side separated by the dashed lines in both
representations. It is necessary to map the upper side of the pair of pants into that of the
disk.

a pair of pants is the collection of several arcs ending on the boundaries of each pair of
pants. Assign a number to each cycle around the thin tube or each puncture in order.
After removing the loops around punctures, each non-trivial arc connecting two bound-
aries or a common boundary can be always continuously moved to one of the six funda-
mental arcs shown in Fig. without no intersections among the arcs. Note that we
define the upper side and the lower side on the twice-holed disk separated by dashed lines

in Fig. [G.2

Figure G.2: The six types of building arcs on the pair of pants.

2. Intersection numbers

Denote by P; the number of endpoints of the arcs on the ¢-th cuff or the intersecting
number of the lamination. This gives a map from the lamination to the 3¢ — 3 + 2n
non-negative integers as p; = P; where each gauge/flavor group is also naturally labelled
by the number assigned to the corresponding tube/puncture.
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Next, let us consider the inverse map from three non-negative integers to the lami-
nation. Let us focus on a pair of pants or the disk with two holes and there are three
integers P;,P; and P}, to each boundary cycle 7;, 7; and 7, respectively. We also define
the arc /;; connecting ; and 7, permitting the case ¢ = j. Hereafter, aly + blp + - -
denotes the collection of non-intersecting arcs on the pair of pants with a arcs £4, b arcs
{p and such as for --- part.

Without the loss of generality, we can have two possibilities for the arc construction:

o P> P+ Py, P < P, + P, and P, < P, + P; case : the collection of the arcs is

%(Pi — Pj — Pyl + Pil;; + Pily, (G.2.1)

o P, <P+ P, P <P,+ F,and P, < P, + P, case : the collection of the arcs is

3(Pi+ Py — P)lij + 5(Py + Pe — P)ljy + 5(Py + P — Py) i (G.2.2)

and we gain a lamination on sewing all the pairs of pants to keep the upper part and the
lower part without the “twisting” discussed in the following. Finally, by setting P; to be
p;, the map from laminations to loop operators is completed.

3. Twisting number

We define a twisting number @); of arcs by the winding number for the i-th tube. The non-
intersecting condition implies that the winding numbers of the several arcs are common. If
P; = 0, this is the number of loops which is a non-negative integer @); > 0. Otherwise, we
have a sign in addition to how many times they wind. The sign of the twisting number
is defined such that the winding in the right direction along the arc gives the positive
sign. For the positive twisiting number, see arcs in Fig. [G.3] This procedure determines

. B
. .
. .
- .
. .
A .
.
. .
. .

Figure G.3: The winding arcs on a thin tube with a common positive twisting number 5.

.

LRt N
Py "u,

*

39 —3+n integers for the lamination. The inverse construction is trivial by the definition.
Combining the equality @); = ¢; with the previous results P; = p;, we finally have the
desired map.
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