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Summary

In this thesis, certain exact results in supersymmetric gauge theories are discussed.
In these theories, holomorphic gauge invariant operators play a central role in un-
derstanding the structure of the space of solutions to vacuum equations, known as
the moduli space. We focus on a technique to count such operators with various
quantum numbers. The counting can be done by computing a partition function,
known as the Hilbert series, which counts all holomorphic gauge invariant operators
carrying a specified set of global U(1) charges. The Hilbert series can be computed
exactly for various gauge theories.

In Part I of this thesis, we compute the Hilbert series of four dimensional
N = 1 supersymmetric QCD with classical gauge groups. In part II, we count chiral
operators on the one instanton moduli space on R* and study the hypermultiplet
moduli spaces of a large class of N/ = 2 supersymmetric gauge theories in four
dimensions.

We demonstrate that the Hilbert series not only contains information about
the spectrum of operators in the theory, but it also carries geometrical properties of
the moduli space, e.g. the dimension. It is also an indicator of whether the moduli
space is Calabi-Yau. Moreover, Hilbert series can be used as a primary tool to test
various dualities in gauge theories and in string theory.



Contents

1 Introduction and Motivation
1.1 Quantum field theory
1.2 The hierarchy problem
1.3 Supersymmetry
1.4 String theory
1.5 String dualities, branes and M-theory
1.6 Supersymmetric gauge theory
1.7 Outline of the thesis

I Supersymmetric QCD

2 SU(N.) SQCD with N; flavours
2.1 Introduction and Summary
2.1.1 Notation for representations and characters
2.2 The Moduli Space of N'=1 Gauge Theories
2.2.1  Moduli Spaces Using Computational Algebraic Geometry
2.2.2  Primary Decomposition and Hilbert Series
2.3 Supersymmetric QCD
2.3.1 The Case of Ny < N,
2.3.2 The Case of Ny > N,
2.3.3 Special Case: N, =2
2.4  The Algebraic Geometry of SQCD Vacuum
2.4.1 The Example of (Ny =4, N, = 2)
2.4.2  Other Examples
2.4.3 U(1)-Charges and Weighted Embeddings
2.4.4 Further Geometric Properties

11
11
13
14
16
18

27

28
28
31
31
32
33
34
34
36
39
40
41
42
42
44



2.4.5 The SQCD Vacuum Is Calabi—Yau
2.5 Plethystics and The Molien-Weyl Formula

2.5.1 The Case of Two Colours: N, = 2

2.5.2 The Case of Three Colours: N, =3

2.5.3 Palindromic Numerator: A Proof Using Plethystics
2.6 Character Expansion and Global Symmetries

2.6.1 The Case of Two Colours Revisited

2.6.2 Character Expansion for General (Ny, N.)
2.7 A Note on the Quantum Moduli Space of SQCD

3 SQCD with Classical Gauge Groups
3.1 Introduction and Summary
3.2 SO(N.) SQCD with N flavours
3.2.1 The Case of Ny < N,
3.2.2 The Case of Ny > N,

3.2.3 Counting Gauge Invariants: the Plethystic Exponential and
Molien-Weyl formula

3.2.4  Character Expansions and Global Symmetries

3.2.5  Counting Basic Generators of Gauge Invariants and Syzygies:
the Plethystic Logarithm

3.3 Sp(N.) SQCD with N; flavours
3.3.1 The Ny < N, Theories
3.3.2 The Ny > N, Theories
3.3.3 Character Expansions
3.3.4 Plethystic Exponentials and Molien-Weyl Formula
3.3.5 Plethystic Logarithms
3.4 An Orientifold Projection
3.5 A Geometric Apercu
3.5.1 Palindromic Numerator
3.5.2  The SQCD Moduli Space of Vacua Is Calabi-Yau
3.5.3  The SQCD Moduli Space of Vacua Is Irreducible

II N =2 Gauge Theories in Four Dimensions

4 The Moduli Space of One Instanton on R*

45
45
48
ol
54
95
o6
61
65

69
69
71
72
72

74
79

82
84
84
85
86
87
89
89
92
92
93
93

97

98



5

4.1 Introduction 98

4.2 Hilbert Series for One-Instanton Moduli Spaces on C? 99
4.3  Gauge Theories on Dp-D(p + 4) Brane Systems 102
4.3.1 Quiver diagrams 102
4.3.2 k SU(N) instantons on C? 105
4.3.3 k SO(N) instantons on C? 110
4.3.4 k Sp(N) instantons on C? 114
4.4 N =2 Supersymmetric SU(N,) Gauge Theory with N; Flavours 116
4.4.1 The case of N, =3 and Ny =6 118
4.4.2  Generalisation to the case Ny = 2N, 119
4.5 Exceptional Groups and Argyres-Seiberg Dualities 121
451 Eg 122
452 B, 127
4.5.3 FEg 133
4.5.4 One F} instanton on C? 135
4.5.5 One G5 instanton on C? 136
Tri-vertices and SU(2)’s 140
5.1 Introduction 140
5.2 Skeleton diagrams of N/ = 2 gauge theories 141
5.2.1 The theory with a free trifundamental of SU(2)? 142
5.2.2  The SU(2) N = 4 gauge theory with two free singlets 143
5.2.3 SU(2) gauge theory with 4 flavours 144
5.3 The Kibble Branch of the Moduli Space 145
5.4 Theories with Genus Zero 147
5.4.1 The T, theory (¢ = 0,e = 3) 147
5.4.2  SU(2) gauge theory with 4 flavours (¢ = 0,e = 4) 147
5.5 Theories with Genus One 151
5.5.1 The tadpole theory (¢ =1,e =1) 151
5.5.2  The theories with genus one and two external legs (¢ = 1,e = 2)153
5.6 Theories with Zero External Legs 156
5.6.1 The theories with genus two (g = 2,e = 0) 157
5.6.2  The theories with genus three (g = 3,e = 0) 162
5.7 The General Formula for Any Genus and Any External Leg 164
5.7.1 Special case: e =0 165



5.7.2 Special case: e =1 166

5.7.3  The total number of generators for any g and e. 167
5.7.4  The inductive proof of the general formula 167
5.7.5  The general formula in terms of products 168
A Appendix to Chapter 5 169
A.1 The unbroken U(1)¢ gauge symmetry on the Kibble branch of the
theory with genus g 169
A.1.1 A theory with genus one 169
A.1.2 A theory with genus ¢ 171



Chapter 1

Introduction and Motivation

General relativity and quantum mechanics are two of the most successful theories
of twentieth century physics. The former describes physical phenomena involving
macroscopic objects, such as black holes, the expansion of the universe and the
precession of the perihelion of Mercury. It has been tested on solar system and cos-
mological scales to a very high precision. On the other hand, quantum mechanics
is a theory of microscopic objects, such as molecules, atoms and elementary parti-
cles. The spectrum of the Hydrogen atom, as an example, confirms that quantum
mechanics is necessary for describing the microscopic world.

Below, we give a brief summary of the development of various fundamental
aspects of theoretical physics, ranging from quantum field theory to string theory,
whose ultimate goal is to seek a unified theory of all known interactions. The sum-
mary below is not intended to be comprehensive but rather, it is meant to serve as
a motivation for the discussion of such topics as string theory and supersymmetric
gauge theory, the main focus of interest in this thesis. For more details, the reader
is referred to textbooks and review papers, such as [1-16], and references therein.

1.1 Quantum field theory

The study of the quantum theory of electromagnetic fields and their interactions with
matter led to the development of quantum electrodynamics (QED). This theory uni-
fies electromagnetism, quantum mechanics and special relativity into one framework.
Particles are regarded as excitations of the corresponding field, e.g. the photon can
be regarded as an excitation of the electromagnetic field. In this way, the discovery
of QED was a starting point of the subject called quantum field theory. Agreement
between theoretical computations and precise measurements of the Lamb shift and
the anomalous magnetic moment of the electron were two of the greatest achieve-
ments of QED as a physical theory. In addition to the electromagnetic interaction,
there are two other short range interactions, namely the strong and the weak nuclear



interactions. The former is responsible for binding atomic nuclei together and the
latter is responsible for radioactive beta decay. The theory describing the strong
nuclear interaction is known as quantum chromodynamics (QCD), and the unified
theory describing both weak nuclear interaction and electromagnetism is known as
the electroweak theory. Fach of these theories possesses a local symmetry, called
gauge symmetry. The gauge symmetries for QCD and the electroweak theory are
SU(3) and SU(2) x U(1) respectively. The gauge symmetry for electromagnetism
is U(1) coming from the spontaneous symmetry breaking of the electroweak gauge
symmetry SU(2) x U(1).

Although quantum field theory explains and predicts a number of phenomena
to a satisfactory degree of accuracy, during its early development the theory encoun-
tered the problem of infinities, i.e. naive computations of quantum effects lead to
infinite results (see e.g., [1] for a review). In QED, in order to make the answers finite
and agree with experimental observations, one can absorb these infinities into vari-
ous parameters, namely the couplings and masses, of the theory [17]. This process
is known as remormalisation. In this sense, quantum field theories can be divided
into two classes, namely those of which all infinities can be absorbed into a finite
number of parameters and those for which this is not possible. The former are said
to be renormalisable and the latter are non-renormalisable. In the past, the problem
of infinities in non-renormalisable theories was thought to be hopeless and it was
therefore believed that the only sensible quantum field theories were the renormal-
isable ones. The requirement of renormalisability imposes strong restrictions on the
theories one may consider. Indeed, physical phenomena at currently experimentally
accessible energies are described accurately by the standard model, which is a renor-
malisable theory of quarks, leptons and gauge bosons transforming under the gauge
symmetry SU(3) x SU(2) x U(1) (see e.g., [2, 4] for reviews).

From the modern point of view, renormalisability is no longer a fundamental
physical requirement, and indeed many realistic field theories, such as Einstein’s
theory of gravitation, are non-renormalisable. It becomes clear that, in such theories,
the divergences can also be absorbed into a redefinition of the parameters, but one
needs infinitely many of them. In this sense, non-renormalisable theories are just as
renormalisable as renormalisable theories (see e.g., [1]). However, due to an infinite
number of free parameters, non-renormalisable theories have little predictive power
at a certain energy scale M. Above this energy scale, such theories are no longer
well-behaved (e.g. the S-matrix may violate unitary bounds). This is a signal for
new physics which may enter at the scale M, and in order to understand physics
above this scale one must first understand the underlying fundamental theory which
may not be a field theory at all. One can, however, focus on the low energy limit
(far below M) of the fundamental theory — in this limit, one can consider an effective
field theory which generally contains infinitely many non-renormalisable interactions.
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Such interactions are highly suppressed by the large scale M at sufficiently low
energies. Thus, from this point of view, the successful renormalisable theories, such
as the standard model, the electroweak theory and QED, are simply low energy
effective field theories, accompanied with non-renormalisable interactions suppressed
by a large energy scale.

1.2 The hierarchy problem

At present, the standard model is regarded as a low energy approximation to an
unknown fundamental theory in which gravitation is unified with the strong and
electroweak interactions around 10% to 10'® GeV.! This energy scale is much larger
than the electroweak symmetry breaking scale of 300 GeV which characterises the
standard model. Such an extraordinarily large ratio between the fundamental energy
scale and the electroweak scale requires a physical explanation — this is known as the
hierarchy problem (see e.g., [3-5]). In the standard model, the invariance under the
SU(3) x SU(2) x U(1) gauge symmetry requires quarks, leptons and gauge bosons to
have vanishing bare masses in the Lagrangian. Hence, the physical masses of these
particles are proportional to the electroweak symmetry breaking scale, which in turn
is also proportional to the mass of the scalar fields responsible for the electroweak
symmetry breaking. The main issue of the hierarchy problem is that, unlike fermions
and gauge bosons, scalar fields are not protected by any symmetry of the standard
model from acquiring large bare masses — it is therefore not clear why these scalar
fields masses, and thus all other particle masses, are not as large as 10'° to 108
GeV. This is indeed one of the strongest motivations for introducing a new kind of
symmetry, called supersymmetry.

1.3 Supersymmetry

Supersymmetry is a symmetry which transforms bosons into fermions and vice-versa.
To date, the status of supersymmetry is still hypothetical, since no new particles re-
quired by supersymmetry have been experimentally detected — the search of such
particles is currently a prime target of experiments at the Large Hadron Collider
(LHC) at CERN. Nevertheless, supersymmetry is a valuable theoretical tool for ob-
taining exact results and studying various non-perturbative phenomena in quantum
field theory.

An attempt to solve the hierarchy problem is to embed the standard model
into a supersymmetric theory (see e.g., [3, 5]). If the scalar fields along with their

'Here we do not consider the possibility of unification at low energies due to, for example, extra
dimensions much larger than 107'6 GeV ™! or warped extra dimensions.
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fermionic superpartners are in a chiral representation of some gauge group, then
both scalar fields and fermions are required by supersymmetry to have vanishing
bare masses. In which case, all masses in the standard model will then be related to
the supersymmetry breaking scale. Thus, in principle, supersymmetry could provide
a solution to the hierarchy problem. The study of supersymmetric extensions of the
standard model has many open questions and is currently an active field of research.

Another motivation for supersymmetry comes from attempts in the 1960s to
embed the SU(3) gauge symmetry of QCD into a larger symmetry group, namely
SU(6), which transforms SU(3) multiplets of different spins into each other (see
e.g. [18-21] and [3] for a review). This works for the non-relativistic quark model
but fails for the relativistic one. It was shown in 1967 by Coleman and Mandula
(known as the Coleman—Mandula theorem [22]) that in a relativistic field theory it is
impossible to combine space-time and internal symmetries in any other way but the
trivial one. This theorem thus rules out the existence of such relativistic symmetries
as the aforementioned SU(6) and a large class of other continuous symmetries. Nev-
ertheless, one can evade this theorem by invoking a symmetry which non-trivially
transforms bosons and fermions into each other and whose generators satisfy anti-
commutation relations (instead of commutation relations). Indeed, supersymmetry
arises in this way as the only possibility (see e.g., [3]).

Historically, without a reference to the Coleman-Mandula theorem, supersym-
metry originated in the context of string theory, which was first formulated as a
theory describing various types of hadrons as different modes of vibration of a string.
The early version of string theory, known as the bosonic string theory, contained only
bosonic degrees of freedom which is unrealistic. In order to match the particles de-
scribed by string theory to those seen in the real world, fermionic degrees of freedom
were introduced into the bosonic string theory. The resulting theory is known as the
Ramond-Neveu-Schwarz (RNS) model [23-25]. Gervais and Sakita [26] then observed
that in addition to the conformal invariance of the two dimensional worldsheet and
the Lorentz invariance of the target space, the theory possesses a symmetry which
transforms bosons into fermions and wvice-versa. This is indeed supersymmetry in
the two-dimensional worldsheet theory. Later in 1974, supersymmetry in four di-
mensional field theories was studied by Wess and Zumino? [27] — they subsequently
realised that bypassing of the Coleman-Mandula theorem leads to anti-commutation
relations in the supersymmetry algebra [29].

2The supersymmetry in four dimensions had actually been studied by Gol’fand and Likhtman
[28] in 1971 before Wess and Zumino.
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1.4 String theory

Although string theory was originally formulated to describe strongly interacting
particles, the original theory was problematic for several reasons. For example, (i)
the theory is consistent only in more than four spacetime dimensions (26 for the
bosonic string theory and 10 for supersymmetric string theory), (ii) there exists a
massless spin two state in string theory, but there is no such a state observed in the
hadronic world, and (iii) for high energy fixed angle processes, scattering amplitudes
in string theory (known as the Veneziano amplitudes [30]) fall off exponentially as
the kinematic variable tends to infinity, whereas experimentally observed strong in-
teraction scattering amplitudes fall off according to a power law (see e.g. [6]). As a
result, the original motivation for string theory disappeared and QCD has since been
regarded as a theory of the strong interaction.

In 1974, Scherk and Schwarz [37] came up with a proposal that completely
changed the perspective on string theory — they suggested that the massless spin
two particle present in the theory could be interpreted as the graviton, the quantum
field of gravitation. This implies that the string tension should be related to the
characteristic energy scale of gravity (also known as the Planck scale, which is around
10* GeV). Moreover, they realised that in the low energy limit the graviton interacts
according to general relativity. In this way, there was a hope that string theory might
provide a unification of gravitation with all other interactions in single quantum
theory.

Formulations of supersymmetry in string theory continued to develop. In 1977,
Gliozzi, Scherk and Olive [31, 32] realised that by imposing suitable periodicity con-
ditions (known as the GSO projection) on the spectrum of the RNS model, the theory
acquires spacetime supersymmetry. Subsequently, the formalism with manifest tar-
get space supersymmetry was developed by Green and Schwarz [33-35]. As a result
of their works, three different superstring theories, called the Type I, Type IIA and
Type IIB theories, were identified and named.

In order to see these three superstring theories, one needs to consider both
the left-moving modes and the right-moving modes of strings. The supersymmetries
associated with the left-movers and the right-movers have either opposite chirality
or the same chirality. The former gives rise to the Type ITA theory, unlike the latter
which gives rise to the Type IIB theory. Moreover, taking the Type IIB strings
and quotienting out by the left-right symmetry (known as the orientifold projection
[36, 48]), one obtains a theory with unoriented strings — this is known as the Type I
theory.

However, in the early 1980s, it appeared that superstrings could not describe
parity-violating theories due to quantum inconsistencies called anomalies which were
believed to be fatal. Gravitational anomalies in higher dimensions were first sys-
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tematically investigated by Alvarez-Gaumé and Witten [38] in 1984. Based on this
work, Green and Schwarz [39] showed that all gauge and gravitational anomalies in
the theory could cancel provided that the gauge group was either SO(32) or Eg x Fg.
Shortly after the work of Green and Schwarz, Gross, Harvey, Martinec and Rohm
[40-42] found the other two formulations of superstring theory in ten dimensions,
namely the SO(32) and the Eg x Eg heterotic theories. The discovery of Green-
Schwarz anomaly cancellation has led to wide acceptance of string theory — this is
often referred to as the first superstring revolution.

1.5 String dualities, branes and M-theory

The five formulations of superstring theory, namely Type I, Type IIA, Type IIB, the
heterotic SO(32) and the heterotic Eg X Eg theories, are related to each other by
duality transformations; in other words, one can express the degrees of freedom of
any of them in terms of the degrees of freedom of the others. We summarise these
dualities below.

In the late 1980s, a duality relating two theories with different geometries for the
extra dimensions, known as T-duality, was understood [43-45] (see also e.g. [46, 47]
for reviews). T-duality relates Type IIA theory to Type IIB theory and the heterotic
SO(32) theory to the heterotic Eg x Eg theory.

In addition to the fundamental strings, superstring theory also contains various
non-perturbative object called p-branes, which are extended objects with (p + 1)-
dimensional world-volume. In this section, we discuss three types of extended objects
in superstring theory that are very useful in applications to gauge theory, namely
the D-brane, the orientifold plane and the NS5-brane.

The Type I and Type II theories contain an important class of p-branes, known
as Dp-branes (or simply D-branes in general), whose tension is inversely proportional
to the string coupling and to the (p+ 1)-th power of the string length. The subject of
D-branes was originated by Dai, Leigh and Polchinski [48] and Leigh [49] in 1989. In
1995, Polchinski [50] showed that D-branes preserve half of the supersymmetries and
are charged under Ramond sector gauge fields. The defining property of a D-brane is
that it is an object on which fundamental strings can end. Open strings carry charges,
known as Chan—Paton charges [51], at the end points. It was subsequently realised
by Witten [56] in 1995 that the ending of the fundamental strings on N coincident D-
branes gives rise to super Yang-Mills theory with the gauge group U(V) and sixteen
supercharges living on the world-volumes, with the Yang—Mills fields corresponding
to the massless modes of the open strings attached to the D-branes.

In addition to the Dp-brane, there exists a fixed (p+ 1)-dimensional hyperplane
which gives rise to a Zy action on the space-time coordinates and reverses the ori-
entation of the string [48]. This is known as an orientifold p-plane or an Op-plane.

14



It is a non-dynamical object which is charged under the same Ramond sector gauge
fields and breaks the same half of the supersymmetries as the Dp-brane. On a stack
of D-branes parallel to an orientifold plane, one finds a gauge theory with sixteen
supercharges and a special orthogonal or a symplectic gauge group depending on the
charge of the orientifold plane. This agrees with the realisation in the Type I theory
due to Schwarz [53] and Marcus and Sagnotti [54] in 1982. Indeed, Type I string
theory can be regarded as Type II superstring theory with orientifold planes and
D-branes.

Another type of an extended object is a 5-brane, known as the Neveu—Schwarz
(NS) 5-brane [55], which preserves half of the supersymmetry of the theory and has
tension proportional to the inverse squared of the string coupling and to the sixth
power of the string length. This is a solitonic object coupled magnetically to the
NS-NS sector field, and hence it exists only in weakly coupled Type II and heterotic
theories.

The discovery of branes has led to fascinating developments in supersymmetric
gauge theory which is the main subject of this thesis (see e.g. [13] for a review).
They are also crucial for string model-building whose ultimate goal is to reproduce
and explain the structure of the standard model, such as matter content, masses,
charges and interactions (see e.g. [15, 16] for reviews and references therein) — this
is currently an active field of research.

A non-perturbative duality, called S-duality, which relates a strongly coupled
theory to a weakly coupled theory has been studied since the late 1970s. In 1977,
Montonen and Olive [57] proposed this type of duality in Yang—Mills theory. Such
a proposal was sharpened to the case of NV = 4 super Yang-Mills (SYM) theory in
four dimensions in 1979 by Osborn [58]. In string theory, the existence of S-duality
was conjectured by Font, Ibanez, Liist and Quevedo [59] for the heterotic theory
compactified on a six-torus. The study was then carried out further by Sen [60, 61].
It was found that both toroidally compactified heterotic string theory and N = 4
SYM possess an exact SL(2,7Z) S-duality symmetry. In 1994, Seiberg and Witten
generalised the Montonen-Olive duality to N' = 2 super Yang-Mills theory [62] and
in N' = 2 supersymmetric QCD [63]. These works demonstrated that the S-duality
plays a crucial role in determining the vacuum structure and the spectrum of the
theories. The S-duality of the Type IIB theory was proposed by Hull and Townsend
[64]. They also conjectured that the Type II superstring theory compactified on
a (d — 1)-dimensional torus T%~! possesses an exact discrete symmetry Eyq)(Z),
known as the U-duality symmetry, which contains both the T-duality symmetry
SO(d — 1,d — 1,Z) and the S-duality symmetry SL(2,Z). The S-duality relation
between the Type I theory and the heterotic SO(32) was proposed by Polchinski
and Witten [65].

S-duality allows us to describe three superstring theories, namely the Type I,
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the heterotic SO(32) and the Type IIB theories, at strong coupling. The study of
the Type ITA and the heterotic Ey x Eg theories, on the other hand, revealed that
these theories do not only exhibit an eleventh dimension at strong coupling, but also
approach a common eleven dimensional limit, known as M-theory. At low energies
it is approximated by a classical field theory called eleven-dimensional supergravity,
which was first formulated by Cremmer, Julia and Scherk in 1978 [68]. M-theory
does not contain strings, but rather a solitonic 2-brane and 5-brane, respectively
known as the M2-brane and the Mb5-brane, which are electric and magnetic dual to
each other.

In 1995, Witten [69] and Townsend [70] pointed out that the Type IIA super-
string theory becomes eleven dimensional in the strongly coupled limit. Indeed, the
Type ITA string and branes have natural interpretations in M-theory. For example,
a fundamental Type IIA string can be regarded as an M2-brane wrapped around
the compact direction. We refer the reader for more details to, e.g., [13]. The
11-dimensional interpretation of the strongly coupled heterotic Eg x Eg superstring
theory is given by Hofava and Witten [72, 73]. In 1995, Aspinwall [74] and Schwarz
[75, 76] proposed a way of understanding the S-duality group SL(2,Z) of the Type
IIB string theory using of the duality between M-theory on a two-torus 72 and Type
IIB superstring theory on a circle S*. The Type IIB superstring in ten dimensions
has an infinite SL(2,7Z) multiplet [77], and the interpretation as solitons and bound
states is due to Witten [56] in 1995. In the toroidally compactified M-theory on T4,
the S-duality group SL(2,Z), which is the symmetry group of the two-torus T2, is
a subgroup of the symmetry group SL(d,Z) of the d-torus T¢. The groups SL(d,Z)
together with the T-duality group SO(d — 1,d — 1,7Z) generate the U-duality group
Eq)(Z), which is an exact symmetry of the M-theory compactified on 7.

The relation between M-theory and the Type ITA and heterotic Fg x Eg theories,
together with S and T dualities, imply that the five superstring theories are connected
by a web of dualities. The five string theories can be regarded as expansions around
different corners in moduli space of M-theory (see e.g. [11, 12, 66, 67| for reviews).
The discovery of string dualities, D-branes and M-theory is regarded as the second
superstring revolution.

1.6 Supersymmetric gauge theory

This thesis will focus on the study of supersymmetric gauge theory. There are several
reasons why supersymmetric field theories are of interest. On the phenomenological
side, it provides a framework and predictions for the beyond standard model physics
that the Large Hadron Collider (LHC) could discover in a few years time. On the for-
mal side, supersymmetry is a valuable tool for rigorously studying non-perturbative
phenomena in quantum field theory. Many aspects of supersymmetric gauge theories
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can be analysed exactly, providing a laboratory for the analysis of the dynamics of
gauge theories. There is also a wide range of interesting phenomena one can explore,
such as phases and dualities, which do not appear in non-supersymmetric gauge
theories.

A number of interesting results about supersymmetric gauge theory and string
theory can be obtained by studying the quantum field theories on the world-volumes
of string theory and M-theory branes. The simplest example is super Yang—Mills
theory with sixteen supercharges, arising from ground states of open strings ending
on N coincident D-branes. One can also obtain gauge theories with lower supersym-
metry from webs of branes. For example, by considering a stack of k Dp-branes in
the background of N D(p+4)-branes, one can realise a supersymmetric gauge theory
with eight supercharges, gauge group U(k) and N flavours of fundamental matter
on the world-volume of the Dp-branes. This set-up is discussed in Chapter 4 of this
thesis. When the Dp-branes and the D(p + 4)-branes are on top of each other, the
Dp-branes can be viewed as k SU(N) instantons on R? from the perspective of an
observer in the world-volume of the D(p + 4)-branes. The Dp-D(p+ 4) brane system
can be generalised in many directions, e.g., introducing branes and/or orientifold
planes, rotating some of the branes relative to others, applying S and/or T duality,
and considering branes ending on branes (see e.g. [13] for a review and references
therein).

A breakthrough in the subject of gauge theories and brane dynamics was due to
Hanany and Witten [78] in 1996. They investigated dynamics of three-dimensional
supersymmetric gauge theories using configurations of D3-branes and NS5-branes
in the ten-dimensional Type IIB superstring theory. Several phenomena, such as
mirror symmetry between three-dimensional gauge theories and brane creation, can
be realised in this set-up. The Hanany-Witten construction was further examined in
[79, 80] and was applied to N' = 1 supersymmetric gauge theories in four dimensions
by [81]. Later in 1997 Witten [82] studied N’ = 2 supersymmetric gauge theories
in four dimensions using configurations of D4-branes, NS5-branes, and D6-branes in
the Type IIA string theory. These configurations were lifted to M-theory in which
they consist of an Mb-brane in a multi-Taub-NUT background. The dynamics of
several N/ = 2 supersymmetric gauge theories can be interpreted geometrically and
explicit solutions for the Coulomb branch of such theories can be obtained in this way.
Recently, Gaiotto [83, 84] generalised this set-up to describe a large class of NV = 2
superconformal field theories in four dimensions arising from Mb5-branes wrapping
Riemann surfaces. We discuss this class of theories in Chapters 4 and 5 of this
thesis.

Another major breakthrough in string theory is the discovery of a duality
(known as the AdS/CFT correspondence) between a supersymmetric conformal field
theory (CFT) and string theory/M-theory in a background of anti-de-Sitter (AdS)
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spacetime times a certain compact manifolds. Based on earlier works [85-87], this
duality was proposed by Maldacena [88] in 1997 and was subsequently elucidated
by Gubser-Klebanov—Polyakov [89] and Witten [90]. An example of this duality
is the correspondence between the string states in the Type IIB superstring theory
on AdSs x S and the operators of the A/ = 4 super Yang-Mills theory in four
dimensions, where the latter can be realised on a stack of D3-branes in the Type
IIB string theory on a flat background. By taking a different compact manifold to
S5, one obtains different supersymmetric gauge theories. Finding a corresponding
gauge theory to a given compact manifold (and vice-versa) has been a long standing
problem. It was proposed that the Type IIB string theory AdSs x Ys, where Yj is
a Sasaki-Einstein manifold, corresponds to a supersymmetric gauge theory on the
world-volume of D3-branes at the tips of Calabi-Yau cones over the five-dimensional
manifold Y5 [91-95]. It was proposed by Hanany and Kennaway [96, 97] in 2005 that
the Lagrangians of this large class of four-dimensional gauge theories are given by
certain tilings on a torus, known as brane tilings (see e.g. [98, 99] for reviews). For
recent applications of brane tilings to supersymmetric gauge theories on M2-branes
at the tips of Calabi—Yau cones over a seven-dimensional manifold Y7, we refer the
readers to [100-104].

Given a supersymmetric gauge theory, the space of solutions of the vacuum
equations, known as the moduli space of vacua or simply the moduli space, is one
of the first properties one can study. The phase structure and the possible excita-
tions at a given vacuum configuration can be investigated. In supersymmetric gauge
theories, holomorphic gauge invariant operators play a central role in giving us in-
formation about the structure of the moduli space. It is therefore worthwhile to
study and count these holomorphic functions. This can be done in a similar fashion
to statistical mechanics, i.e. by constructing a partition function. Mathematically,
this partition function is known as the Hilbert series (see e.g. [105, 106] for reviews
of the applications of the Hilbert series to gauge and string theories). The Hilbert
series not only contains information about the spectrum of the operators in the the-
ory, it also carries geometrical properties of the moduli space (see Chapter 2 and
[107, 108, 113]). It is also an indicator of whether the moduli space is Calabi-Yau
(see Chapters 2, 3 and [109, 113, 114]). Moreover, Hilbert series can be used as a
primary tool to test various dualities in gauge and string theories (see Chapters 4, 5
and [102, 110-112, 115]).

1.7 Outline of the thesis

In the first part of this thesis, we focus on N' = 1 supersymmetric gauge theories
in (3 + 1) dimensions with the SU(N.), SO(N,.) and Sp(NN.) gauge groups and Ny
flavours of fundamental matter. Such theories are known as supersymmetric quantum
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chromodynamics (SQCD) with the classical gauge groups. This class of theories is
one of the most extensively studied topics in quantum field theory. This is mainly due
to interesting dynamics that does not appear in non-supersymmetric QCD. Moreover,
the structure of such theories allows one to perform explicit and finite calculations
without the necessity of numerical methods. In Chapters 2 and 3, we compute the
Hilbert series of such theories and use them to study various geometrical aspects of
the moduli space.

In the second part, we examine the moduli space of one instanton on C? and
the hypermultiplet moduli spaces of a large class of N' = 2 supersymmetric gauge
theories in (3 + 1) dimensions. An instanton is a stable and finite-action solution
to the Euclidean field equations of a quantum field theory. The study of instantons
has been a long standing classic subject since their discovery in 1975. An algebraic
method to construct classical gauge group instanton solutions, known as the ADHM
construction, can be realised on the hypermultiplet moduli space of certain N = 2
supersymmetric gauge theories in (3 4+ 1) dimensions.

In Chapter 4, we count the chiral operators on one instanton moduli spaces with
the classical and exceptional gauge groups. The Hilbert series of the moduli spaces
of one instanton for the classical gauge groups are easy to compute and turns out to
take a particularly simple form. This allows for a gauge group invariant character
expansion and hence is easily generalisable to exceptional gauge groups, where an
ADHM construction is not known.

In Chapter 5, we study an infinite class of N = 2 supersymmetric gauge theories
in (3+1) dimensions represented by graphs consisting of two building blocks, namely
a tri-vertex and a line. A line represents an SU(2) gauge group and a tri-vertex
represents a matter field in the tri-fundamental representation of SU(2)3. These
graphs can be topologically classified by the genus and the number of external legs.
This chapter focuses on the hypermultiplet moduli spaces of the aforementioned
theories. We compute the Hilbert series which counts all chiral operators on the
hypermultiplet moduli space. Several examples show that theories corresponding to
different graphs with the same genus and the same number of external legs possess
the same Hilbert series. This is in agreement with the conjecture that such theories
are related to each other by S-duality. We also give a general expression for the
Hilbert series for a graph with any genus and any number of external legs.
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Chapter 2

SU(N¢) SQCD with N, flavours

2.1 Introduction and Summary

Supersymmetric Quantum Chromodynamics (SQCD) is one of the most extensively
studied subjects in modern theoretical physics. Investigations within this laboratory
have provided a point of contact between field theory, phenomenology, string theory,
and mathematics. The moduli space of SQCD typically consists of continuous vac-
uum solutions of the field equations. The lifting of the classical vacuum by quantum
corrections [1], the phase structure [2, 3], dualities [4], etc., have all afforded powerful
insights into the theory. The reviews and lectures [5-8] collect this work and provide
references to the original literature. In this chapter, we take a new perspective on
this well established subject.

Observing that the vacuum moduli space of a supersymmetric gauge theory,
due to its subtle structure, is best described by the language of algebraic varieties,
we employ techniques from algebraic geometry to gain physical insight. This is very
much in light of the recent applications of computational and algorithmic algebraic
geometry to the study of field theory [9-12] as well as the discovery of the plethystic
programme for systematically studying chiral gauge invariant operators using geo-
metric methods [13-23]. Geometric quantities such as Hilbert series provide a new
understanding of the theory and allow us to easily perform calculations that are
cumbersome using standard methods.

Our focus in this chapter is N' =1 SQCD with SU(N,) gauge group and N;
flavours of quarks and antiquarks that transform, respectively, in the antifundamental
and fundamental representations of the gauge group. The fields are also distinguished
by their transformation properties under the SU(Ny), x SU(Ns)p x U(1)g x U(1)r
global symmetry. In these initial investigations, we shall concentrate our attention on
the case with a vanishing superpotential. The vacuum space is conveniently described
by polynomial equations written in terms of variables which are the holomorphic
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gauge invariant operators (GIOs) of the theory, that is to say, the mesons, baryons,
and antibaryons.

For Ny < N, the gauge group is spontaneously broken in the vacuum to
SU(N. — Ny). The only GIOs are mesonic, and these parametrise a classical mod-
uli space that is N f—dimensional. However, at the quantum mechanical level, non-
perturbative corrections lift the space of classical vacuum solutions completely via the
dynamically generated ADS superpotential, and consequently there is no quantum
moduli space for Ny < V..

For Ny > N,, the gauge symmetry is completely broken at a generic point in the
classical moduli space, which is (2N.N; — N? + 1)-dimensional. The moduli space is
described by relations (syzygies) amongst mesonic operators and baryonic operators.
With the incorporation of quantum corrections, the classical moduli space for the
Ny = N, theories which contained the singularity at the origin is deformed to a
smooth hypersurface, whereas the quantum moduli space for the Ny > N, theories is
identical with the classical one. Although the precise classical relations get modified
by quantum corrections for Ny = N, quantum corrections do not affect the number
of chiral operators at each order of quarks and antiquarks. Therefore, the generating
functions which count the gauge invariant operators in the Ny > N, theories are not
changed by quantum corrections.

Algorithmic algebraic geometry, the plethystic programme, the Molien—Weyl
formula, and character expansions yield a more refined understanding of textbook
facts about the structure of the SQCD vacuum. In addition, the geometric invariants
of the moduli space of vacua capture a vast quantity of non-trivial information about
the phenomenology of the gauge theory. Algebraic geometry therefore supplies a
powerful new window into the structure of SQCD.

To facilitate the reading, we have highlighted the key points in bold font as
Observations. We collect the main results below.

Outline and Key Points:

e In Section 2.2, we stress that the vacuum moduli space of a N' = 1 gauge theory
can be thought of as an affine algebraic variety and review the procedure for
how to calculate this explicitly. We also discuss the importance of concepts such
as primary decomposition, which breaks the moduli space up into irreducible
pieces, and the Hilbert series, which enumerates the chiral GIOs of the theory.

e In Section 2.3, we examine M x, n.), the classical moduli space of vacua of
SQCD, for various values of N. and Ny. We characterise the vacuum vari-
eties in terms of their defining equations and find them to be affine cones over
(compact) weighted projective varieties. For Ny < Ne, Mn; ) = CMF (Ob-
servations 2.3.1 and 2.3.2). For N; = N,, the moduli space is a complete
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intersection (in fact a single hypersurface) in C" 7*? with a rational function
as its Hilbert series (Observations 2.3.5 and 2.3.6). For Ny > N,, the moduli
space is a non-complete intersection of polynomial relations (syzygies) amongst
the GIOs. We also analyse the case of two colours in detail. Using characters
of its global symmetry the generating function is written for arbitrary number

of flavours (Observation 2.3.8 and Equation (2.3.18)).

e We find the precise weighted projective variety over which My, n,) is an affine
cone and tabulate the first few Hilbert series for these spaces in Table 2.3.
Moreover, we find in all case studies that My, n,) is irreducible using primary
decomposition and conjecture this to hold in general (Observation 2.4.11).

e Importantly, we establish that My, n,) is Calabi-Yau (Observation 2.4.14).

This follows from the fact that the Hilbert series has palindromic numerator.
We outline a proof based on an independent argument.

e We discuss the quantum moduli space of SQCD in Section 2.7. For Ny < N,
there is no supersymmetric vacuum. The classical vacuum geometry is an
auxiliary space useful for counting gauge invariant operators. For Ny > N,
the Hilbert series computed in the classical theory is quantum mechanically
exact.

e In Section 2.5, we obtain an analytic formula for the generating function of
GIOs in SQCD with fully refined fugacities corresponding to quarks and anti-
quarks; this is a refined version of the Hilbert series of My, n,). The formula
is in the form of the Molien—Weyl integral, as given in Equation (2.5.9). The
results are in complete agreement with those obtained in Section 2.3 using
algorithmic algebraic geometry and also affirm the fact that the generating
function (Hilbert series) encodes the defining relations of the moduli space of
vacua. Thus, the results of Section 2.5 verify that the geometry of the classical
moduli space of N/ =1 SQCD encapsulates the structure of the chiral ring of
BPS gauge invariant operators. Ours is the first systematic analysis undertaken
for (N, > 2, N; > 3).!

e In Section 2.6, we synthesise our prior results using representation theory and
the character expansion.

It proves useful to write the Hilbert series in terms of characters. This permits
the generalisation of our results to an arbitrary number of colours and flavours.
Subsequently, we obtain an important result, namely the full character expan-
sion of the generating function for any values of Ny and N, (Equations (2.6.1),
(2.6.2) and (2.6.3)). We can interpret the coefficients as Young Tableaux and

IEarlier works [24, 25] contain some of the results for N, = 2.
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arrive at selection rules (Observation 5.6) for the terms appearing in the ex-
pansion.

2.1.1 Notation for representations and characters

In this thesis, we denote an irreducible representation of a group of rank r by a
Dynkin label [ay, as, .. ., a,]. In particular, we denote by [1,0,...,0] the fundamental
representation and by [0, ..., 0, 1] the anti-fundamental representation of SU(N). We
also use the subscripts k; L and k; R to indicate respectively the k-th postitions from
the left and the right, e.g. 1, in [0,...,0,14..,0,...,0] denotes the 1 in the k-th
position from the left.

For representations of the product group Gy x G, we use the notation |...;...]
where the tuple to the left of the ; is the representation of GG1, and the tuple to the
right of the ; is the representation of Gb.

Since a representation is determined by its character, we sometimes slightly
abuse terminology by referring to each character by its corresponding representation.

When necessary, we denote the character of the representation [ay, as, ..., a,] of the
group G of rank r, written in terms of the variables z1, ..., z,, by X[(il . (21, -y 2r).

2.2 The Moduli Space of N/ =1 Gauge Theories

We begin by reviewing how to algorithmically compute the classical supersymmetric
vacuum space of an N' = 1 gauge theory. Consider a general N' = 1 theory of the
form

1
S = /d4x {/ d*o q);feVCI)i + (16 5 /d29 tr W, W +/d29 W(®,;) + h.c.)}
g
(2.2.1)
The ®; are chiral superfields in a representation R; of the gauge group G; V is
the vector superfield in the Lie algebra g; W, = —iﬁze*VDaeV is the gauge field

strength; and W (®;) is the superpotential, which is holomorphic in ®;. Integrating

over superspace, the scalar potential becomes

- OW|* 1 o\
V(¢lv¢z) = Z '% + EZSJ Z@T Gi ) (2-2-2)

i
where ¢; is the lowest component of ®;, T* are the generators of GG, and ¢ is the

gauge coupling.? The potential is minimised on loci where it vanishes. The condition

V (i, ¢;) = 0 yields the supersymmetry preserving D-term and F-term constraints:

D= ¢!T; =0 (D-terms) ;

7

2 We neglect Fayet-Iliopoulos terms associated to U(1) factors in G in this discussion but these
can be easily incorporated.
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=% =

There is a D-term for each generator T of the gauge group and an F-term for each

fi

0 (F-terms) . (2.2.3)

field. The vacuum moduli space M is the space of solutions to D- and F-flatness
constraints.

The action (2.2.1) has an enormous gauge redundancy that we can most eas-
ily eliminate by working with G¢, the complexification of the gauge group.®? The
F-flatness conditions are holomorphic and invariant under G¢. The D-flatness con-
ditions are trivial gauge fixing parameters. It is a standard fact in N' = 1 gauge
theory that for any solution of the F-term equations, there exists a unique solution
to the D-term equations in the completion of the orbit of the complexified gauge
group. The moduli space is, therefore, the symplectic quotient

M=FJGY (2.2.4)

where F is the space of F-flat field configurations. The set of holomorphic gauge
invariant operators of the theory forms a basis for the D-orbits. The geometry of

the vacuum is therefore an algebraic variety specified by polynomial equations in the
GIOs.

2.2.1 Moduli Spaces Using Computational Algebraic Geometry

Recasting the computation of the vacuum geometry into efficient, algorithmic tech-
niques in algebraic geometry is the subject of [9-11]. For completeness, we briefly
recollect the method.

1. The F-flatness conditions are an ideal of the polynomial ring Cl¢y, ..., ¢,]:

ow

(fimr,) = {5

). (2.2.5)

2. From the matter fields {®4, ..., ®,}, we construct a basis of GIOs p = {p1, ..., pr}-
The p; are, by construction, uncharged under G¢. The definitions of the GIOs
in terms of the fields defines a natural ring map:

Clo, ..., dn] == Clor, ..., pr - (2.2.6)

3. The moduli space M is then the image of the ring map:

C[Qsh cee a¢n]
{F={(fi,....fa)}

3 We recall, for example, that the complexification of SU(N) is SL(N,C).

L5 Clpyy -5 1] - (2.2.7)
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That is to say, M =~ Im(p) is an ideal of C|py, ..., px] which corresponds to
an affine variety in C*. Practically, the image of the map (2.2.7), and thus
the vacuum geometry M, can be calculated using Grobner basis methods as
implemented in the algebraic geometry software packages Macaulay 2 [26] and
Singular [27].

2.2.2 Primary Decomposition and Hilbert Series

Having obtained the vacuum moduli space explicitly as an algebraic variety, we have
many geometric tools at our disposal for analysing its structure. Two of the most
fundamental concepts are the following.

Extracting Irreducible Pieces

The moduli space may not be a single irreducible piece, but rather, may be composed
of various components. This is a well recognised feature in supersymmetric gauge
theories. The different components are typically called branches of the moduli
space, such as Coulomb or Higgs branches. It is an important task to identify the
different components since the massless spectrum on each component has its own
unique features.

We are thus naturally led to look for a process to extract the various irreducible
components of the vacuum space. Such an algorithm exists and, in the mathematics
literature, is called primary decomposition of the ideal corresponding to the mod-
uli space. Algorithms for performing primary decomposition have been extensively
studied in computational algebraic geometry (cf., for example, [28] and for imple-
mentations, [26, 27]). A convenient package which calls the computational algebraic
geometry programme Singular externally but which is based upon the Mathematica
interface, which perhaps is more familiar to physicists, is STRINGVACUA [11]. In fact,
using [11], the primary decomposition of string vacua of phenomenological signifi-
cance, is one of the subjects of [12].

As a result of computations in a number of cases, we conjecture that the moduli
space of SU(N.) SQCD with N flavours is irreducible (Conjecture 2.4.11).

The Hilbert Series

For a variety M in C[zy, ..., ], the Hilbert series is the generating function for the
dimension of the graded pieces:

H(t; M) = i (dime M)t (2.2.8)

i=—00

where M;, the i-th graded piece of M, can be thought of as the number of inde-
pendent degree ¢ (Laurent) polynomials on the variety M. It will be understood
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henceforth that we are speaking about complex dimension, and we shall simplify our
notation accordingly.

As being pointed out in [13, 17, 19, 23], the Hilbert series is a key to the problem
of counting GIOs in a gauge theory. Physically speaking, a Hilbert series is a function
that counts chiral GIOs and has the interpretation of a partition function at zero
temperature and non-zero chemical potentials for global conserved U(1) charges. It
can be written as a rational function whose numerator is a polynomial with integer
coefficients.

One of the important expansions of the Hilbert series is a Laurent expansion
about 1, and the coefficient of the leading pole can be interpreted as the volume of
the dual Sasaki-Einstein manifold in the AdS/CFT context which in the case of the
Calabi—Yau three-fold, this volume is related to the central charges of supersymmetric
gauge theory (cf. [23, 29]). Although it is not clear for general SQCD what the volume
means, we can nevertheless perform such an expansion. For a Hilbert series,

r)

H(t;./\/l):m—i-... s

P(1) = degree(M) . (2.2.9)

In particular, P(1) always equals the degree of the variety.*

2.3 Supersymmetric QCD

Having set the stage with the necessary geometric background, let us specialise to the
gauge theory in which we are chiefly interested. In this section, let us fix notation by
introducing the content of the theory. Let there also be no superpotential, W = 0.
Thus there will be no F-terms, and the vacuum space is determined exclusively by

the D-terms and is realised as the relations among the GIOs of the theory.

We specify SQCD with gauge group SU(N,) and Ny flavours by the ordered
pair (N¢, N.). This theory has quarks Q! and antiquarks N?, with flavour indices
i =1,..., Ny and colour indices a = 1, ..., N.. Thus, there is a total of 2N.N; chiral
degrees of freedom from the quarks and antiquarks. Their quantum numbers are

summarised in Table 2.1.

2.3.1 The Case of Ny < N,

In this situation, at a generic point in the moduli space, the SU(N,) gauge symmetry
is partially broken to SU(N, — Ny). Thus, there are

(N?—=1) = ((Ne — Ny)? = 1) = 2NNy — N} (2.3.1)

4 We recall that when an ideal is described by a single polynomial, the degree of the variety
is simply the degree of the polynomial. In the case of multiple polynomials, the degree is a gen-
eralisation of this notion. It is simply the number of points at which a generic line intersects the
variety.
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Gauge symmetry Global symmetry
SUN) | SUWN): SUN v UM U)e U
i [0,...,0,1] [1,0,...,0] [0,...,0] 1 NJ;V‘fNC 1 0
Qe [1,0,...,0] 0,...,0] [0,...,0,1] ~1 % 0 ~1
U(N¢)1 Q SU(Ne) Q »— U(Ni),

Table 2.1. The gauge and global symmetries of SQCD and the quantum numbers of the
chiral supermultiplets. The quarks are Q% while the antiquarks are Qvg We also draw it
as a quiver theory. The circular node represents the U(N,) gauge symmetry while the two
square nodes represent global U(Ny); and U(Ny)2 symmetries. Each square node gives
rise to a baryonic U(1) global symmetry, one of which is redundant. We thus have U(1) 0.0
that combine into the non-anomalous U(1)p (sum) and anomalous U(1)4 (difference).

broken generators. The total number of degrees of freedom of the system is, of
course, unaffected by this spontaneous symmetry breaking and the massive gauge
bosons each eat one degree of freedom from the chiral matter via the Higgs effect.
Therefore, of the original 2NNy chiral supermultiplets, only N]% singlets are left
massless. Hence, the dimension of the moduli space of vacua is

dim (M, <n,) = N7 . (2.3.2)

We can describe the remaining NJ% light degrees of freedom in a gauge invariant way
by an Ny x N; matrix field, composed of the mesons:

M; = Q;@? (mesons) . (2.3.3)

The Mj’ are clearly gauge invariant as the colour index on the right hand side is
summed. There are no baryons since Ny < N.. Thus, (2.3.3) constitute the only
GIOs. Since @ and @ transform respectively in [1,0,...;0,...,0] and [0,...,0;0,...,1]
of the SU(Ny) x SU(Ny)g part of the global symmetry, it follows that M transforms
in the bifundamental representation [1,0,...;0,...,1] of the SU(Ny), x SU(Ny)r
global symmetry. We note that for the Ny < N, theory, there are no relations (con-
straints) between mesons. Phrasing this geometrically, and noting the dimension
from (2.3.2), we have that

Observation 2.3.1. The moduli space is freely generated: there are no relations
among the generators. The space My, <, 1s, in fact, nothing but cN7

GIOs composed of k quarks and k antiquarks must be of the form: M ;11 e M;;:
Because of the symmetry under the interchange of any two M’s, this product trans-
forms in the representation Sym*[1,0,...,0;0,...,1] of the SU(N;); x SU(N;)r
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global symmetry. A computation of this k-th symmetric product for a bifundamen-
tal representation is rather amusing and gives

Ny
Sym*[1,0,...,0;0,...,1] = Z [nl,nQ,...7an_1;an_17...,n27n1j|5 k:—Zjnj ,
j=1

N1y >0

(2.3.4)
where® the only dependence on k comes from the constraint on the number of boxes
in the Young diagram which is represented by the § function. The total dimension
of these representations gives

(2.3.5)

k! k

1 Ni+k—1
—(NJ?)(NJ?+1)...(NJ?+I<:—1):< / )
independent components. We can sum this to give a generating function for the

gauge invariants and obtain:

Observation 2.3.2. The generating function of GIOs for SQCD with Ny < N, is

00 2 .
gINe(t) = S (N ] 2’“ 1)t2’“ S (2.3.6)

(1 —2)Ns

We note that this formula does not depend on the number of colours N.. The
expression (2.3.6) is to be expected from the plethystic programme, it is simply the
Hilbert series for C7 , with weight 2 for each meson.® We will return to this point
in the following section.

We end this subsection by emphasising that what we have said so far about
the Ny < N, theories is only valid in the semiclassical regime. If full quantum effects
are taken into account, there will no longer be a supersymmetric vacuum. In Section
2.7, we discuss how semiclassical results are modifed in the quantum theory. Until
then, let us proceed with calculations in the semiclassical limit.

2.3.2 The Case of Ny > N,

In this case, at a generic point in the moduli space, the SU(N,) gauge symmetry is
broken completely and hence the number of remaining massless chiral supermultiplets
(i.e. the dimension of the moduli space) is given by

dim (My,>n,) = 2NNy — (N7 — 1) . (2.3.7)

5We emphasise that in this equation, summations run over nq, ... ,nn, but only ni,...nx, 1
appear in the representation on the right hand side.

6Section 2.6.2 demonstrates that the expression in (2.3.6) can be written in terms of the plethystic
exponential as g™/ <Ne(¢) = PE [dim[1,0,...,0;0,...,1]t?] = PE [N?tz] .
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We can describe the light degrees of freedom in a gauge invariant way by the following
basic generators:

M = QZ@? ' (mesons) ;

BiiNe = QI . e €71-+ONe (baryons) ; (2.3.8)

Eil...mc = é?ll . QVZ]VVC €ay...an, (antibaryons) .
Observation 2.3.3. For Ny > N., under the global SU(Ny), x SU(N¢)g, the
mesons M transform in the bifundamental [1,0,...;0,...,0,1] representation, the
baryons B and antibaryons B transform respectively in [0,0,...,1n,.2,0,...,0;0,...,0]

and [0,...,0;0,...,1n.r,0...,0].

In the above, 1;.;, denotes a 1 in the j-th position from the left, and 1;,z denotes
a 1 in the j-th position from the right.

The total number of basic generators for the GIOs, coming from the three
contributions in (2.3.8) is therefore

N N N
N2 f ! — N2 ). 92.3.
f+(Nc)+(Nf_NC) Fr2( (2.3.9)

We emphasise that the basic generators in (2.3.8) are not independent, but
they are subject to the following constraints (see, e.g., [5]). Since the product of two
epsilon tensors can be written as the antisymmetrised sum of Kronecker deltas, it
follows that ‘

BUNe By o= Mt MY (2.3.10)

We can rewrite this constraint more compactly as

(xB)B = s(M™N) (2.3.11)

where (*B)z’Nc+1-..iNf = N%!Eil-.-iwf Biv+ine - Another constraint follows from the fact

that any product of M’s, B’s and B’s antisymmetrised on N, + 1 (or more) upper
or lower flavour indices must vanish:

M-«B=M-+*B=0, (2.3.12)

where a ‘-’ denotes a contraction of an upper with a lower flavour index. It can be
shown (see, e.g., [5]) that all other constraints follow from the basic ones (2.3.11)
and (2.3.12).

Counting the number of quarks and antiquarks in these basic constraints and
using Observation 2.3.3, we find that

Observation 2.3.4. For Ny > N., under the global SU(Ny), x SU(Ny)g, constraint
(2.5.11) transforms as [0,...,0,1n,..,0,...,0;0,...,0,1n,.5,0,...,0]. Similarly, in
(2.8.12), the first constraint transforms as [0, ...,0,1(n,41),.,0,...,0;0,...,0,1] and
the second as [1,0,...,0;0,...,0,L(n.41)r,0,...,0].
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The representation notation is as in Observation 2.3.3. Indeed, the dimension

2
of the representation corresponding to the constraint (2.3.11) is (]J\\],f ) , and the di-
mension of each of the representations corresponding to the constraints (2.3.12) is

Ny (NNil) Thus, there are (]]\\[,f)2 + 2Ny (NN_{l) basic constraints.

Because of these constraints, the spaces My, >n, are not freely generated and
provide us with interesting algebraic varieties which we will study in the ensuing
section. Moreover, these constraints also prevent us from writing and summing a
generating function as directly as in Observation 2.3.2. Nevertheless, we will see how
the Hilbert series gives us the right answer.

The Case of Ny = N,

The special case of Ny = N, deserves some special attention. From (2.3.9), the total
number of basic generators for the GIOs, coming from the three contributions in
(2.3.8), is N} 4 2. From (2.3.7), the dimension of the moduli space is

dim (My,—n,) = N7 + 1. (2.3.13)

There is one constraint (2.3.11), which in this case can be reduced to a single hyper-
surface:

det(M) = (xB)(xB) , (2.3.14)

where we have used the identity det M = (1/N,!)*x(M™<). According to Observation
2.3.4, this constraint transforms in the trivial [0,...,0;0,...,0] representation of
SU(Ny)r, x SU(Ny)r (since the length of the weight before and after the semicolon
is the rank of SU(Ny), or Ny—1, there are no 1’s). Note that the relation (2.3.12) does
not provide any additional information and (2.3.11) constitutes the only constraint.
Since, in this case, the dimension of the moduli space equals the number of the
basic generators minus the number of constraints, we arrive at another important
conclusion:

Observation 2.3.5. The moduli space My,=n, is a complete intersection. It is in
fact a single hypersurface in CV 712,

An interesting question to consider is to determine the number of independent
GIOs that can be constructed from the basic generators (2.3.8) subject to the con-
straints (2.3.11) and (2.3.12). In the case Ny = N,, where the only constraint is
(2.3.14), the generating function can be easily computed from the knowledge that
the modul space is a complete intersection (See [13] for a detailed discussion on this).
There are N? mesonic generators of weight ¢? and two baryonic generators of weight
tVe subject to a relation of weight t2Ve. As a result, the generating function takes
the form
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Observation 2.3.6. For Ny = N, SQCD, the generating function for the GIOs is

1 — Ve
(1 —)NE(L — )

gV r=Ne (1) = (2.3.15)

This is indeed the Hilbert series of the hypersurface (2.3.14).

2.3.3 Special Case: N, =2

Let us illustrate this technology with the concrete example of N. = 2 colours and a
general number Ny of flavours. Here we can obtain nice general expressions. There
are Ny quarks transforming in the fundamental representation and Ny antiquarks
in the antifundamental of the SU(2) gauge group. However, since both of these
representations are identical for SU(2), there is no distinction to be made between
quarks and antiquarks. Therefore, all quark fields can be written in the form Q¢
with a colour (gauge) index a = 1,2 and a multiplet index ¢ = 1,...,2N;. Hence,
we first have:

Observation 2.3.7. The global flavour symmetry of (Ny, N, = 2) for general Ny is
SU(2Ny).

The basic generators of GIOs are mesons:
M7 = Q'@ , (2.3.16)

where the contraction over the colour indices a,b by an epsilon symbol” has been
suppressed in order to avoid the potential confusion between the gauge and global
symmetries. The fundamental representation of SU(2) has only two colour indices
and therefore we find that any product of M’s antisymmetrised on three (or more)
flavour indices vanishes. This results in a simple condition for Ny > 2:

Mz = (2.3.17)

Eil...ing

where il, .. ,ing = 1,. . ,2Nf
Counting the number of quarks in (2.3.16) and (2.3.17), we find that

Observation 2.3.8. For N. = 2, under the SU(2Ny) global symmetry, the me-
son transforms in the [0,1,0,...,0] representation, and the basic constraint (2.3.17)
transforms as [0,0,0,1,0,...,0]. The dimension of these representations are respec-

tively (ng) and (2]4Vf).

T It is an epsilon contraction rather than a summation because the doublet of SU(2) is a pseu-
doreal representation.
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We see that the GIOs in the N, = 2 theories must be (symmetric) products of
mesons, namely MP* at the order of 2k quarks. Without the constraints generated by
(2.3.17), we would say that M* transforms in the representation Sym*[0,1,0,...,0]
of SU(2Ny). However, as we have just noted, any product of M’s antisymmetrised
on three (or more) flavour indices vanishes. It then follows that the GIOs at the order
2k of quarks transform in the irreducible representation [0, k, 0, . . ., 0]. Therefore, we
reach an important conclusion that

Observation 2.3.9. The generating function for (Ny, N. = 2) theory for general

Nf Z 1 s
- Sy . (2N; + k — DI2N; +k — 2)!
(Np,No=2) () _ 2% _ (2Ny ¥ ok
9 (t) =Y dim[0,k,0,...,0t* = ' ' i
= 2 (oN; — 1INy — 2)1(k + IR
= 2P 2Ny = 12Ny 2:8%) (2.3.18)

where o Fy is the standard hypergeometric series.

It is interesting that a hypergeometric function should be the Hilbert series of an
algebraic variety (for specific integer values of Ny, of course, the hypergeometric
degenerates into rational functions, examples of which we will see later).

2.4 The Algebraic Geometry of SQCD Vacuum

We have now presented SQCD in some detail. Though some of the information is
standard, we have also recast the vacuum structure in a geometric language and
have obtained new analytic formulae for the generating functions of GIOs. In this
section, let us continue along this geometric vein and use the techniques introduced
in Section 2.2.1 to algorithmically find the supersymmetric vacuum space. This not

only furnishes a good check of our methods but also gives us new geometric insight
into SQCD.

Since there is no superpotential, the ring map (2.2.7) here becomes

o~ S N
(C[ ’(L“Q;l] L> C[M;,B”“‘ZNC,B““‘ZNC =Pl 7Pk] , k= NJ%_}_Z(Nf) ’ (2'4'1)
and the classical moduli space M is readily computed as the variety associated to
the image ideal in the target C[M, B"~"Ne, B"~Ne]. Therefore, we have that:

Observation 2.4.10. The classical vacuum moduli space of SQCD, as an explicit
affine algebraic variety, is defined by the syzygies, or relations amongst the mesons
and baryons.

Equations (2.3.11) and (2.3.12) are precisely these syzygies.
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2.4.1 The Example of (N; =4, N, =2)

Let us study an example in detail. Take the non-trivial case of two colours and
four flavours. Using (2.4.1) we immediately find that in full component form, it is
given by 70 homogeneous quadratic equations, each containing three monomials, in
28 variables. The dimension is 13 and the degree is 132. (For brevity we do not
present the lengthy polynomials here.) Therefore M4 ) is an affine variety realised
as the non-complete intersection of dimension 13 and degree 132 in C2®. We can
say more since each equation is homogeneous. (This is not true in general; we will
discuss shortly how using appropriate weights naturally homogenises the problem.)
We can projectivise to P?" and then M4 is, by definition, an affine cone over a
projective variety of dimension 12 and degree 132 in P?7.

Let us adhere to the notation of [10] and let

(d,d|n|mi*m3? . ..) := Affine variety of complex dimension d, realised as an affine cone
over a projective variety of dimension d — 1 and degree 9,
given as the intersection of n; polynomials of degree m; in P™.

(2.4.2)
Then, in this notation, we can write

M (ny=a,n.—2) = (13,132]27]27) . (2.4.3)

The dimension and degree are but two simple quantities one could ask about
an algebraic variety. Another important property, as discussed in Section 2.2.2,
is whether the associated ideal is primary. This can be ascertained either by direct
methods or by performing a full primary decomposition which extracts the irreducible
pieces. We perform this analysis and find that M4 ) is in fact an irreducible variety.
We can find its Hilbert series, in second form, as

1+15t+50t2+50t2+ 15t +¢°
(1—t)13 :

H(t; Mug)) = (2.4.4)
Note that the weight for the meson here is ¢ which is different than the weight ¢
given in (2.3.18). This change of variables affects the degree of embedding but not the
dimension of the moduli space. Physically, this change of variables can be interpreted
as a redefinition of the Boltzmann constant by a factor 2. Indeed, other than this
change of ¢ — t?, the standard definition of o F} for N; = 4, substituted into (2.3.18),
gives precisely the above expression and we may rest assured.

Now, the exponent of the denominator encodes the dimension; the numerator,
evaluated at 1, gives the degree, which is 132. Another remarkable property of the
numerator is that it is palindromic, i.e. the coefficients a,, and as_,, are the same. As
we shall see below, this suggests that our affine variety M, o) is in fact Calabi-Yau!
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2.4.2 Other Examples

We now move on to a host of examples. We tabulate M for some low values of
(N¢, N.). If M happens to be an affine cone over a projective variety in unweighted
projective space, we will use the above notation, otherwise, we will simply indicate
the pair (d, 0) for dimension and degree, respectively. This information is summarised
in Table 2.2.

INAN] 1| 2 3 | 4 | 5 |
1 [ 22 C C C C
2 (4,6) (5,2]5[2%) ct ct ct
3 || (6,200 | (9,14/14]2"%) | (10,3 | € | C°
4 || (8,70) | (13,132[27]2) | (16,115) | (17,4) | C'™
5 [[(10,252)[(17, 1430[44[221)|(22, 10410) | (25, 744)(26, 5)

Table 2.2. The classical moduli space M of SQCD with Ny flavours and N, colours,
explicitly as affine algebraic varieties. The pair (d, §) denotes dimension and degree respec-
tively. When M is defined by homogeneous equations, and is thus an affine cone over a
projective variety, we use the notation in (2.4.2). For Ny < N, the moduli space is freely
generated and is just flat space.

2.4.3 U(1)-Charges and Weighted Embeddings

The forms of the moduli spaces and Hilbert series above may not look immediately
enlightening. This is because we have been working in affine embeddings without
taking into account the inherent weights associated with the problem. A not dis-
similar situation has already been noted in [17], where it was pointed out that the
del Pezzo surfaces are much easier to realise in weighted projective spaces than as
ordinary projective varieties.

We notice that the GIOs are each composed of products of fundamental fields.
In an A = 1 supersymmetric theory, there is always a U(1)-charge, which could be
construed as the R-charge, that we assign to the fields. For example, for the GIOs
above in pure SQCD, if we normalise and assign an R-charge 1 to each fundamental
quark Q! and antiquark @7, then each mesonic GIO would have R-charge of 2 and
each (anti)baryonic GIO, an R-charge of N.. We will find it useful to weight the

target ring in (2.2.7) as [2:2:...:2: N.: N.:...: N/ and thus we modify the
map in (2.4.1) to
C[ 3'17 @?] L) (C[MJZ, Bil"'iNC, EilmiNc = P15 7pk] [2:...:2:Nei.:Ne| - (245)

Here we have labelled the target ring with weighted variables explicitly. The equa-
tions that describe the vacuum varieties are always homogeneous in the projective
spaces weighted in this manner.
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In light of all of the moduli spaces being, strictly, affine cones over weighted
projective varieties, we need to refine the notation in (2.4.2) to

(d,é|nfwy : ... wpg1]|m*m3?...) := Affine variety of complex dimension d, realised as
an affine cone over a weighted projective variety
of dimension d — 1 and degree ¢, given as

the intersection of n; polynomials of degree m;

mn

in weighted projective space P[wl:...:wn+1]‘

(2.4.6)

Under our weighting scheme by the R-charge given in (2.4.5), the moduli space of

SQCD, for some low values, is presented in Table 2.3. There are several agreements,
as can be seen from the table. The dimensions do indeed agree with (2.3.7); moreover,
for Ny = N., M is indeed a single hypersurface as can be seen from the defining
equations, in accord with (2.3.14) and (2.3.15). Next, we compute the weighted
Hilbert series of the second kind and present them to the right of moduli space.
The ensuing sections show how these rather complicated rational functions, here
found using algorithmic algebraic geometry, can be obtained from the plethystic
programime.

(N, N.) M |Hilbert Series H(M;1)

(2,2) || (5,4/5[2:2:2:2:2:2]]4") (11_+;2)5 -

(3,2) (9,896]14[215]|41) e

(4’ 2) (137 4325376‘27[228”470) 1+15t2+50tl4:2(;1t§+15t8+t10

(5’ 2) (17’ 383862702080]44[245] |4210) 1428 t2+196 t24-490 t(Gltig()]lthrl% 110428 ¢12 417
3

(3,3) (10,6]10[29 : 32]|6") =D

(4 3) (16 88128‘23[216 . 38]58616712> 1+4t2+4t3+10t4+8(t15+1;1t6(-11-8t2;-10t8+4t9+4t10+t12

9 9 . 7t2 12 —t 4

1

(4,4) (17,8]17[2'6 - 42]|8") DL

Table 2.3. With natural weighting in (2.4.5), the vacuum moduli space M, N of
SQCD are all affine cones over (compact, homogeneous) weighted projective varieties, using
notation in (2.4.6). We also compute the (weighted, second form) Hilbert series. Indeed,
for Ny < Ne, M, N,) Is trivially CNJ%, with Hilbert series (1 — t2)7NJ%.

The degrees of the varieties listed in Table 2.3 are rather large, but this is merely
a vestige of the fact that we have assigned high weights to the GIOs corresponding to
the number of fundamental fields contained within. Let us return to the unweighted
case for a moment. Examining (2.2.9), we see that the highest power in 1 is the
dimension of M and the coefficient of that leading order term is the degree of M.
This is a fundamental property of the Hilbert series of second kind. Now, in the

weighted case in Table 2.3, such a relation persists, and we see immediately that the
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leading coefficient in the same expansion of the Hilbert series, ¢, and the degree d
of the variety obey the relation ¢[]w; = d. This is simply the generalisation of the

(2
¢ = d situation of the unweighted case above.

2.4.4 Further Geometric Properties

As emphasized in the introduction, our technique allows writing down explicit equa-
tions for the moduli space. In component form, these equations can be quite com-
plicated. For illustration, we write down My, n,); for some low values:

M1 = {—y1 + yoys} ;

May = {~ysys + ya, —Ysys + Yo, —Yey7r + Y3, —Ysyr + Y1} ; (2.47)
Mao = {y2ys — Y1ya + ys¥s} ; o
Ms 3 = {y3ysyr — YoYs¥r — Y3Yals + Y1YeYs + Y2Yalo — Y1YsYo + Y15Y21} -

These explicit equations allow us to do far more than merely compute the
dimension, degree and Hilbert series. However complicated the equations are, com-
putational algebraic geometry has standard algorithms for manipulating them. First,
we can see whether the vacuum moduli space has reducible components by primary
decomposition. For all of the cases that we have considered, we conjecture:

Conjecture 2.4.11. The classical moduli space of SU(N.) SQCD with Ny flavours
is irreducible for all value of Ny and N,.

(It should be noted that the algorithms we have employed check this only over the
rationals and not over complex coefficient fields.) The irreducibility of moduli spaces
is certainly not a feature of generic gauge theories; many reducible cases exist in the
literature from very early studies of supersymmetric gauge theories (see e.g., [42]).
Few recent ones are presented, for example, in [23]. An argument® why Conjecture
2.4.11 may be true in general is that the moduli space as a symplectic quotient
(2.2.4), in the absence of a superpotential is simply C?V<Vs /SL(N,, C). Since C?NeIVs
is irreducible and SL(N,, C) is a continuous group, we expect the resulting quotient
to be also irreducible.

Next, we see that for N, = 1 (Wess—Zumino model with no continuous gauge
group and 2Ny chiral multiplets), the moduli space is manifestly toric (i.e. generated
as a monomial ideal, consisting of equations of the form ‘monomial = monomial’).
This is no surprise, since N, > 2 are non-Abelian actions.

Importantly, we can also calculate such familiar quantities, given the defining
equation, as the Euler number y of the compact weighted projective base over which
the moduli space is an affine cone. We find that, for example, x(Base(Ms2)) = 1.

8 We are grateful to Alberto Zaffaroni for this point.
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Finding such topological invariants of the moduli space is clearly of great interest
and deserves investigation in its own right; we hence leave this to subsequent work.
What is perhaps a little surprising is a universal property of the SQCD vacuum: that
it is, in fact, Calabi-Yau. We now delve into this fact in the next subsection.

2.4.5 The SQCD Vacuum Is Calabi—Yau

We observe that the numerators of the Hilbert series in Table 2.3 are palindromic,
i.e. they have the symmetry ap = a,,_x where n is the degree of the numerator and
ay are the coefficients. A rigorous proof of this observation for all Hilbert series of
M n; N,) using plethystic technique will be given in Section 2.5.3.

We first argue that the coordinate rings of the moduli space of SQCD is Cohen—
Macaulay. This can be done simply by invoking the following theorem:

Theorem 2.4.12. (Hochster—Roberts 1974. [30])° The invariant ring of a lin-
early reductive group acting on a regular ring is Cohen—Macaulay.

The following theorem tells us that the coordinate rings of the moduli space of
SQCD is Gorenstein.

Theorem 2.4.13. (Stanley 1978. [31]) The numerator to the Hilbert series of a
graded Cohen—Macaulay domain R is palindromic if and only if R is Gorenstein.

Since an affine Gorenstein variety is, by definition, affine Calabi—Yau, we reach
an important conclusion that My, n,) is, in fact, an affine Calabi-Yau cone over a
weighted projective variety. In brief,

Theorem 2.4.14. The classical moduli space of SU(N.) SQCD with Ny flavours is
Calabi-Yau'".

2.5 Plethystics and The Molien-Weyl Formula

Let us now move on to the problem of enumerating gauge invariants and encoding
global symmetries. There have been a series of works (e.g., [16, 18, 21, 22, 24, 25, 34—
39]) that count the number of BPS GIOs in various gauge theories. However, for
SQCD, the computations were usually limited to the case N, = 2 due to technical
difficulties. Recently, a plethystic programme has provided a general recipe for
counting GIOs. In this section and below, we demonstrate that this programme
provides us with not only a very systematic way of counting the GIOs, but also a
deeper understanding of the moduli spaces of SQCD.

9We are grateful to Richard Thomas for drawing our attention to this important theorem.
0By Calabi-Yau conditions, we mean that the first chern class vanishes and that there exists a
unique holomorphic middle dimensional form.
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In SQCD the chiral GIOs are symmetric functions of quarks and antiquarks
which transform respectively in the bifundamental [1,0,...,0;0,...,0,1] of SU(Ny) x
SU(N.) and the bifundamental [1,0,...,0;0,...,0,1] of SU(N,) x SU(Nys)g. Let
us denote the character of the (anti) fundamental representation of SU(N), respec-

UN) 0 d ST
1) and X o
computations we need to introduce weights for the different elements in the maxi-

tively, as X[ o Lo write down explicit formulae and for performing

mal torus of the different groups. We use z,,a = 1,..., N, — 1 for colour weights
and t;,t;,i = 1,...,N ¢ for flavour weights. These weights have the interpreta-
tion of fugacities for the charges they count and the characters of the representa-
tions are functions of these variables. Correspondingly, the character for a quark is
Xﬁljo(NfggXSg E]Nc)(ti, 2,) and the character for an antiquark is Xﬁ%(NgxosUéq}f (20, 1)
We further introduce two fugacities which count the number of quarks and anti-
quarks, t, and ¢, respectively. A convenient combinatorial tool which constructs sym-
metric products of representations is the plethystic exponential, which is a gener-
ator for symmetrisation [13, 17-19, 21]. To briefly remind the reader, the plethystic
exponential, PE, of a function ¢(¢1,...,t,) is defined to be exp (i %g(t'f, o ,tﬁ)).

k=1
Whence, we have that

SU(N ), xSU(Ne) ~ SU(N.)xSU(Ny) ~
[1,0,...?0;%,...,0,1] (i, 2a) + tX[l,O,...,O;O,...,O,l]f (24, ti)

_ Lk SUNLXSUN 1 o SUNOXSUNPR b 7h
- eXp [Z k (t X[l 0,.. f()l(‘)’ .,0, 1} <t27 a) +t X[l 0,...,0;0,...,0,1 ] (Za7tz )) ’(251)
k=0

PE [tx

A somewhat more explicit form for the character can be
SU(Ny) L xSU(N,) SU (Ne)
DX oo o060 (tis Za) = X0t (2 Ztl : (2.5.2)

which then gives

Ny
SU( Nc SU(Ne)
PE X[1,0,.. zl E t+x 0] (z1) g tj

= exp i% XSU (Ne) Zl Ztk SU(NC Ztk . (2.5.3)
k=0

Here, the dummy variables ¢; and #; are the fugacities associated to quarks and
antiquarks counting the U(1)-charges in the maximal torus of the global symmetry.
Henceforth, we shall take their values to be such that |¢;| < 1 for all 1.

We emphasize that in order to obtain the generating function that counts gauge
1mwvariant quantities, we need to project the representations of the gauge group gener-
ated by the plethystic exponential onto the trivial subrepresentation, which consists
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of the quantities invariant under the action of the gauge group. Using knowledge
from representation theory, this can be done by integrating over the whole group
(see, e.g., Appendix A of [38] .) Hence, the generating function for the (Ny, N.)
theory is given by

g(Nf7NC)(t17"'th7£17'"7£Nf>:/ dMSU(NC) X
SU(Ne)

Ny Ny
SU(N¢ ~ SU(N.
PE | Xponay() DT+ xg oo () Dt | - (2.5.4)
=1 j=1

This formula is also used in the commutative algebra literature (see, e.g., [40]) and
is called the Molien—Weyl formula. We note that the Haar measure jgy(n,) can
be written explicitly using Weyl’s integration formula (see, e.g., Section 26.2 of [41]):

1 le
dusuen :'__f____j% —A(PAGT), 2.5.5
/SU(NC) HSUWe) = NN, l=1 E P (@)A(0™") (2.5.5)

where {¢q(21, ..., 2n,-1)}2¢, are coordinates on the maximal torus of SU(N.) with
Hflvcl o =1, and A(¢) = [],cocpen, (Pa — @) is the Vandermonde determinant.

Let us take the weights of the fundamental representation of SU(IV,) to be as
follows:

Ly =(1,0,...,0), L,=(0,0,...,—1,1,...0), Ly.=(0,...,—1), (2.5.6)

c

where all L’s are (N, — 1)-tuples, and for Ly (with 2 <k < N, — 1), we have —1 in
the (k — 1)-th position and 1 in the k-th position. With this choice of weights, the
corresponding coordinates on the maximal torus of SU(N,) are

where 2 < k < N.—1. Hence, the characters of the fundamental and antifundamental
representations are respectively

Ne—1

SU(N.
X[l,o(,...,())](zlv ) 2N—1) Z o =21+ Z ;

Zk—1 ZNC—l

Nc—l
-~ Z
R ) = D= T R @5
1

Putting all the above together, we arrive at the Molien—-Weyl formula for com-
puting the generating function for GIOs of SQCD and which also gives an analytic
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way of computing the Hilbert series for the vacuum moduli space My, n,):

Ne—1
. - 1 — dz

(Ny,Ne) _ ! 1

g ti,...tn,, t1,...,In,) = ——— ]{ || —A(P)A(p™ ) X

(1 FERat f) (QWZ)NC_INC! =1 11 2 ( ) ( )

Ne—1 Ne 12 Ny
<Z1+Z )Zt+< Z£+ZN—1>Z7§]‘
j=1

Rk—1 ZNC—l

(2.5.9)
2.5.1 The Case of Two Colours: N, =2
Thus armed, we can compute the generating function for SQCD. Let us begin with
two colours where some results are known.
The Example of (N; =1, N, =2)

There are two chiral multiplets (i.e. a quark and an antiquark being identified) in

the theory, and we denote their fugacities by t; and t5. From (2.5.4), the generating

Np=1,N.=2

function g¢( ) is given by

gED (b, 1) = / dpsue)(2) PENG] P (2) (0 + )] | (2.5.10)
SU(2)
SU(2) :
where xpj, 7 (2) = 2 + 1/2. Using (2.5.3), we find that

PE {(z—i—%) (t1+t2} — exp <ii )" + ()" )

1
(= tiz)(I—tz)(1—8)(1—2)

(2.5.11)

where we have used the fact that —log(1 —z) = _ 2*/k. Using formula (2.5.5), we
k=1
can write the Haar measure in (2.5.10) as
11 dz
dpsy (2) = ==—— —(1-2)(1-27?). (2.5.12
[ o) > o f - -0 )

Therefore we can rewrite (2.5.9) in the form of Molien integral formula (see, e.g.,
[24]):

gD (b, 1) = liﬁ R (1==) = =7) . (25.13)

22mi 1 —toz)(1 —t1z271)(1 — tez™1)

Recall that the fugacities ¢; and ¢, have been taken to be such that 0 < |t1], |t2] < 1.
The integrand therefore has poles at z = 0, t1, t5. By the residue theorem, we find
that

tyta)’ . 2.5.14
1—t1t2 =2 (iat) ( )

7=0

gD (t, ts) =
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The term tyt, in the denominator implies that there is only one basic generator of
GIOs which is constructed from two chiral multiplets. Moreover, the series expansion
suggests that any other operator in the chiral ring is given as a power of such a basic
generator. If we set t; =ty = ¢, then

g(t)

which is in agreement with the result presented in [21, 24]. Of course, this is also the

:1_t2:1+t2+t4+t6+..., (2.5.15)

result for the Hilbert series in Observation 2.3.2 at Ny = 1, so we have agreement
with the algebro-geometric perspective as well.

(N¢, N. = 2) with Arbitrary Flavours

Let us move on to the case of arbitrary number Ny of flavours and two colours. Now,
we have 2NV, chiral multiplets. From (2.5.4), the generating function is then given
by

2N

_ 1
gD (4 Jton,) = / o dusu2)(2) PE (Z + ;) Z ti| (2.5.16)
SU(2 i—1

where, according to (2.5.3), the plethystic exponential can be written as

s 2Nj 2N

exp ZZ (Ztl)k —i—k(Z_ltl)k _ H (1— tlZ)il(l . Zf12,71)71 ’ (2.5.17)

k=1 [=1 =1

where again we have used the log expansion. Changing the measure of integration
as above, (2.5.9) becomes

2N

_ 11 dz
g NN (b tay) = f — (=)= [0 —te) (1 =)
|

e I1
(2.5.18)
The integral can again be evaluated by residues.
For example, in the case Ny = 2, the poles located within the unit circle are
z2=0, ty, ..., ty and we find that
1 — tytotsty

(1 — t1t9) (1 — t1t3) (1 — t1ta) (1 — tots) (1 — toty) (1 — t3ty)
(2.5.19)

The expressions t;t; (with 1 <¢ < j <4) in the denominator indicate that there are

g(Nf:2’N6:2) (tl, R ,t4) =

six basic generators of GIOs, each of which is constructed from two chiral multiplets.
Explicitly, these basic generators are mesons. Moreover, the numerator suggests that
there is one constraint between these generators at order four of chiral multiplets,

namely
Pf M =¢;, s, M"™2M"™4 =0 | (2.5.20)
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a constraint which has already been seen in (2.3.17). The general formula for Ny > 1
can be written as

2N
(=DM —13)  TT (6= t) (1 = tity)
k=1 1<i<j<2N;
(Nf>1,NC:2) o i,j#k
g (t1,... tan,) =
! 2 JI (=t —tity)
1<i<j<2Nj
(2.5.21)
Now, if we unrefine and set ¢; =t for all i = 1,...,2N}, we should reproduce

the results for the Hilbert series discussed before. Let us present some results for
small values of Ny:

9(172)@) =12

gEA(t) = Aoty =

gOA(t) = BT (2.5.22)
g(4’2)(t) _ 1+15t2+50t14::5201£+15t8+t10 :

9(5’2)(25) _ 14281241964 +4901°4490¢5+196¢10+28¢124¢14 .

(1—2)""

These highly non-trivial results are in perfect agreement with the right column of
Table 2.3, obtained from a completely different method. We remark that Macaualy 2
[26] can also compute the refined (multi-variate) Hilbert series; we have performed
this computation for some examples and the results are exactly as in (2.5.21). This
is encouraging indeed.

In general, the formula ¢V7"N<=2)(¢) can be expanded in power series:

2N:(2N, —1 2N; —1)(2N)? (2N 1
gNIN=D () 2 1 4 s( 2f )t2+( s = 1)( 12f)( 1t 1)

L (2N; — NN, + 122Ny +2)
4(31)2

4. (2.5.23)

We can rewrite this equation more compactly, as in (2.3.18), which in fact holds for
all Ny > 1:

o0

(2N; + k —1)!(2N; + k — 2)!
! ZO 2N, — DIQN; —2)l(k + DIk~ 2 1(2N; = 1,2Np; 2:t)

(2.5.24)

Plethystic Logarithms and My, n.—2)

Recall that according to the plethystic programme the Hilbert series is itself the
plethystic exponential of a function that encodes the defining relations. This does
not contain quite as much information as the defining equations themselves, given
in, e.g., (2.4.7), but it does give the generators and the the relations at each degree.
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We will thus use the plethystic logarithm to deduce the number of generators and
constraints at each order of quarks and antiquarks from the generating function [17,
18]. We recall the expression for the plethystic logarithm, PL, the inverse function
to PE, is

PLg (0] = 3 P g0 ) (2.5.25)

k=1
where p(k) is the Mébius function. The significance of the series expansion of the
plethystic logarithm is stated in [17, 18]: the first terms with plus sign give the basic
generators while the first terms with the minus sign give the constraints between these
basic generators. If the formula (2.5.25) is an infinite series of terms with plus and
minus signs, then the moduli space is not a complete intersection and the constraints
in the chiral ring are not trivially generated by relations between the basic generators,
but receives stepwise corrections at higher degree. These are the so-called higher
syzygies.
Let us calculate the plethystic logarithms for Ny =1,...,4:

PL[g"2) ()] = 2,

PL[g®2(t)] = 6t> — t* | (2.5.26)
PL[gG®2)(t)] = 15t — 15t* + 35t0 — 126¢° 4 50410 + ... | o
PL[g"*2) (t)] = 28t2 — 70t* + 42015 — 3360¢3 + 2914810 4 . ..

Take PL[g*?)(t)] as an example: from Observation (2.3.8), we see that the coefficient
28 of ¢* are the number of mesons and the coefficient —70 indicates that there are
70 constraints among mesons according to (2.3.17).

We can conclude some properties of the moduli spaces from these results as
follows. For (N; =1, N. = 2), there are no constraints between the generators and
hence the moduli spaces are freely generated. For (Ny = 2, N, = 2), there are six basic
generators at order two, and one constraint between these generators at order four.
Since the dimension of the moduli space (which is dim Mn;=2,N.=2) = 22 +1=05)
plus the number of constraints (one) is equal to the number of basic generators (six),
the moduli space in this case is a complete intersection. These conclusions agree with
Observations 2.3.1 and 2.3.5.

2.5.2 The Case of Three Colours: N, =3

Emboldened by our success with two colours, let us move on to three.

(Ny, N, = 3) with Arbitrary Flavours

There are Ny quarks transforming in the fundamental representation and N; anti-
quarks transforming in the antifundamental representation. Using the notation we
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introduced in (2.5.4), we find that the generating function is

g(Nf’NCZB)(th R ,thyfh cee afo) = / dMSU(3) X
SU(3)

Ny Ny
e [ (0o S i s | s
i=1 J=1

with XﬁUO%B) (21,22) = 21+ j—i + i, X[S(]Ulgg)(zl, 29) = % + 2—; + 29 and the Haar measure

becomes

/ d 1 1 f le dZQ %
HSUB) = Z75 g — —
SU(3) @6 (2mi)? ml=1 21 Jizm=1 22

(-2)(-2) 0= (1-3)(-3) (-2 e

The plethystic exponential in (2.5.27) can be simplified to

Ny

H [(1 — Z?ZZI)(]_ — 72‘21_122)(1 — 5222_1)(1 — tzzfl)(l — t22122_1>(1 — tZZQ)i| B

i=1

(2.5.29)

We note that for the 25 integral, the poles inside the unit circle are located at zo =
0, t;, t;z1, and for the z, integral, such poles are located at z, = 0, HKj fl-fj, t;.
Using the residue theorem, we find that

1

1

W3 (ty, 1) = _ 2.5.30
g ( 1 1) 1—tiy > ( )
~ - 1
(2,3) _
g7ty ta, b, ) = — (2.5.31)
ngi,jgz(l - titj)
~ o~ o~ 1— 3_ tzgl
9Ot ta, b, 11, Ea, T3) = iy (2.5.32)

(1 - H?:l ti)<1 - Hj":l gj) H1§z‘,j§3(1 - tifj) .

Since the generating function ¢(*3) in eight variables is very long (three pages in
a Mathematica notebook), we shall not present its formula here. However, if we
unrefine and set t; = t and t; = ¢, the calculation is slightly easier and we obtain
that
gH (1) = (1= ) (1 —#)'5(1 — )% " x

[1 — 48 + 6157 — 168°%¢° + 2415¢% — 161°¢° — 4it* + 318%¢*—

2087t 4 108104 — 2485¢° + 2483° — 361°° 4 244%6 + 104120 —

20817 — 161747 4 2481017 — 1611317 + 6125 — 248°5 + 721345~

241148 + 68145 — 168317 + 24¢5° — 161917 — 20¢"2¢° 4 10810+

241710 — 36110110 + 24713410 — 247841 4+ 108512 — 201912 + 31412412 —

AP — 161741 24810418 — 16813413 + 61541 — 401215 + $16¢16)

(2.5.33)
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If we completely unrefine and set t; = ¢; = ¢, we will have the following results
which will be useful later and which again agree completely with Table 2.3:

g = L =14+ + "+ 0+ 5+ 110+
gPI(t) = oy = 1+ 487 + 108" + 200 + 35¢% +56¢"0 + ...

3,3 _ 16 _ 1443
g( )<t> - (1,t3)2(1,t2)9 - (1,t3)—i(_1,t2)9

=1+ 9¢% + 263 + 45¢* + 18¢° + 167t% + 90t” + 513t% + 332t +
137710 4+ 1008 + 3335¢12 4 2664413 + ... |
gDt = (1 —£2)19(1 — 13)%) !
[1— 8t° — 16t% + 3148 + 48 + 1210 — 40t — 68¢12 — 4813 + 414 + 48115 + 72416+
4817 + 4118 — 48119 — 68120 — 401! + 12¢%2 4 48173 + 3112 — 1612° — 8127 + %]
= 1+ 16t% + 83 + 136t* + 120> + 836t° + 960t + 4163t® + 5480¢° + 1770810 + ... |
goI(8) = (1= )21+ 6"+t +)7) " x
[1+ ¢+ 106 + 233 + 68t* + 135t + 281¢° + 446¢" + 695¢°
+895t% + 1090¢10 + 1115t + 1090412 + 895¢13 + 695¢ 14
+446t1° + 281t + 135¢17 + 68" + 23¢19 + 10620 + 2! + %]
= 1+ 25¢% 4 20t 4 325¢* + 450¢° 4 3025¢° + 5280¢7 + 22550¢% + . .. .
(2.5.34)

Plethystic Logarithms and My, n =3

As before, we can take the plethystic logarithms of the generating functions to find
the defining equations of My, n.=3). For Ny =1,...,5 we have:

PL[g"9 (1)) = 2,

PL[g®9(t)] = 4¢°

PL[gB3)(t)] = 9t> + 2t3 — 15 |

PL[g*3)(t)] = 161> + 813 — 8t° — 16t% + 31¢% + 48° — 16t'° 4. .. |

PL[g®?)(1)] = 25¢2 + 20t — 50> — 110¢° + 30t + 575¢% + 1010¢° — 117710 + ...

(2.5.35)
As an example, let us consider PL[g*%(¢)]: from Observation 2.3.3, the coefficient
16 of ¢ is the dimension of the bifundamental representation of SU(4) x SU(4) and
hence it is the number of mesons; the coefficient 8 of #3 is the number of baryons +
antibaryons. The coefficient —8 of #° indicates the number of constraints at order 5
of quarks + antiquarks, namely the ones given by (2.3.12). Similarly, the coefficient
—16 of % indicates the number of constraints at order 6 of quarks + antiquarks,
namely the ones given by (2.3.11).

We can conclude some properties of the moduli spaces from these results
as follows. For Ny = 1, 2, there are no constraints between the generators and
hence the moduli spaces are freely generated. For Ny = 3, there are nine ba-
sic generators at order two quarks and antiquarks, two basic generators at order
three quarks and antiquarks, and one constraint between these generators at or-
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der six quarks and antiquarks. Since the dimension of the moduli space (which is
dim M (n,—3 n.—3) = 3* +1 = 10) plus the number of constraints (one) is equal to the
number of basic generators (which is 9 + 2 = 11), the moduli space in this case is a
complete intersection. These conclusions agree with Observations 2.3.1 and 2.3.5.

2.5.3 Palindromic Numerator: A Proof Using Plethystics

We have observed in many case studies before that the numerator of the generating
function (Hilbert series) for SQCD is palindromic, i.e. it can be written in the form:

N

P(t)=> apt" (2.5.36)

k=0

with symmetric coefficients ay_p = aj. This observation (cf. Section 2.4.5) would
imply that the SQCD chiral ring is Gorenstein Cohen—Macaulay, and that the clas-
sical moduli space is an affine Calabi—Yau variety. In this section, as promised, we
shall show that this palindromic property holds in general:

Theorem 2.5.1. Let P(t) be a numerator of the generating function (Hilbert series)
gWNoN)(t) and suppose that P(1) # 0. Then, P(t) is palindromic.

We shall use the following lemma to prove the above theorem.
Lemma 2.5.2. Let d = dim(Mn;, n,)). Then, the generating function obeys:

g(Nf’NC)(l/t) - (_1)dt2NfN69(vaNc)(t) ) (2.5.37)

Proof. Let us start by writing down gVs"Ve)(¢) as follows:

SU(Ne SU(N.
Q(Nf’NC)(t) = /SU(N : dpisu(n.) PE[Ny (X[l,o(,...,[))] + X[o,..(.,o,i]) t]

/ dpsu(nv.)
suve [T (1 — ) Ve (1 — tp, ' )Nr

(2.5.38)

where ¢; are the coordinates on the maximal torus of the SU(N,) gauge group. We

emphasise that, as before, the modulus of the argument of the function ¢(™#") must

be less than 1. Now consider g¥7/*Ne)(1/t). Under the transformation ¢ to 1/¢, the
integrand in (2.5.38) changes to

1 B tQNch
IR (1 — 1) Nr (1 — =17 )N TN (1 — ty)Nr (1 — by )N

Since |t| < 1 implies that |1/t| > 1 and wvice-versa, great care must be taken when

(2.5.39)

evaluating the integral in order to keep the directions of contour integrations and
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hence the overall sign correct. An easy way to obtain the correct overall sign is to
think about the expansion of gV7'Ve)(¢) as a Laurent series around ¢ = 1:

[e.9]

(V7N () — R Y e 2.5.40

0 = 3 el =1 (25.40)

for t — 1. (Recall that d is the dimension of the moduli space, which is equal to the

order of the pole at t = 1.) Therefore, we see that as t — 1, the signs of g®™V7:Ne)(1/¢)

and g™VrNe)(t) differ by (—1)¢. Combining this result with (2.5.39), we prove the
assertion (2.5.37). O

We are now ready for our claim.

Proof of Theorem 2.5.1. We note that the denominator of the generating function
gWrNe) s in the form [],(1 — ¢®)%, where aj, and by are non-negative integers.
Observe that upon the transformation ¢ to 1/¢, the denominator picks up the sign
(—1)2xb% . Now if the numerator P(t) does not vanish at ¢ = 1, then Y, by, is exactly
the order of the pole of the generating function at ¢t = 1, which is equal to the
dimension d of the moduli space. Since P(t) = gVrNe) () TT,.(1 — %)%, it follows
from (2.5.37) that P(t) is indeed palindromic. [

Therefore, the numerator of the Hilbert series (generating function) for My #Ne)
is in general palindromic and thus My, n,) is Calabi-Yau.

2.6 Character Expansion and Global Symmetries

In the previous section, we have obtained the generating functions analytically for
various (N, N,) theories. As we mentioned earlier, the coefficients of t* in g(Vs:Ne) (¢)
is the number of independent GIOs at the k-th order of quarks and antiquarks. We
shall see in this section that this number is in fact the dimension of some irreducible
representation of the global symmetry at that order. This is in the spirit of how
plethystics of the master space encode the global symmetries of the theory [23].
Moreover, we shall see that the character expansion allows us to write down the
generating function for any (Ny, N.) theory in a very compact and enlightening way
as follows:

Ny¢,Ne AN E : . azb
g( f )(t,t) = [nl,nQ,...,nk,KNC;L,O,...,0,0,...,O,mNc;R,nk,...,nQ,nl]tt .
1,12, Nk, £,m>0

(2.6.1)
where k = N, —1,a =N, + Z?Zl Jnj, b=mN,+ 2521 jn; and we have again used
the notation below Observation 2.3.3 for the representation. We shall discuss this
important result further in Observation 2.6.5.

For Ny = N, this formula goes through and has the form

gWNeNe (¢ 1) = Z (1,79, .. Mgy Ny - -y M, ] 2 L0 (2.6.2)

n1,1n2,...,Ng,{,m>0
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whereas for Ny < IV, this formula has Ny infinite sums and takes the form

gWNelNe) (¢ £) = Z [n1,m0, . N1 N 1 - - 2 ] B (2.6.3)

nl,ng,...,anZO
with a = Z;V:fl Jn;.
2.6.1 The Case of Two Colours Revisited

Let us begin again with the simplest case of N, = 2. The formula (2.3.18) suggests:

Observation 2.6.1. For any Ny, the character expansion of the (N, N, = 2) gen-
erating function can be written as

= - SU((2N
) = S 260
k=0

In the following subsections, we shall derive (2.6.4) for various case studies.

The Example of (N; =2, N, =2)

Let us first study two flavours. The generating function g™=2Ne=2)(¢, ... ¢,) was
given in (2.5.19). Since the global symmetry here is SU(4), we shall write this
equation as a series expansion of the characters of SU(4) representations. It is
convenient here to take the coordinates on the maximal torus of SU(4) to be'!

2179 Z1%3 2923 1

Pr=—, Po=—, Q3=—, Q4= : (2.6.5)

zZ3 zZ9 21 217273

With this choice of coordinates, the character of the fundamental representation of
SU(4) can be written as

su() A A% %% 1
) 22, a = + . 2.6.6
X100 (215 22, 23) Z¢ PO (2.6.6)
Let us write the fugacities t;, where i = 1,...,4, as

Substituting this in (2.5.19), we find that

3

gWNI=ENE (1 2 29, 2) = (1 — t4) (H(l—t%ﬁ)(l—ﬁ/ﬁ)) : (2.6.8)

=1

'We note that this choice of coordinates is different from those in (2.5.7). The present choice is
more convenient here.
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with the series expansion
g(Nf=27Nc=2) (t: 21, 22, 23) = (1 — t4) Z t2(n1+...+ns)Zf(nrm)Z;(nrns)’zg(%*ns) '
n1,em6=0
(2.6.9)
Next we shall prove that the expression in (2.6.9) is indeed the character expansion
of the SU(4) global symmetry.

We shall state and prove two lemmata that will be of use later:

Lemma 2.6.2. Let V be the fundamental representation of SU(4). Then'?
[0,m, 0] @ Sym™ 2(A?*V) = Sym™(A?V) . (2.6.10)

Proof. Consider the Pliicker embedding of the Grassmannian of two-dimensional
quotient spaces of V, G = Grass®V/, in the projective space P(A2V*) of one-dimensional
quotients of A2V. Note that G is a quadric hypersurface in P?, and so polynomials
vanishing on GG are those divisible by the quadratic polynomial that defines GG. Since
the space of all homogeneous polynomials of degree m on P(A*V*) is Sym™(A%V),
we see that the subspace of those polynomials of degree m on P(A?V*) that vanish
on G is Sym”™ ?(A%V). Then we have the exact sequence

0 — Sym™ ?(A*V) — Sym™(A*V) — W,, = 0, (2.6.11)

where it can be shown [41] that W}, is an irreducible representation [0, m,0]. Since
the exact sequence splits, the relation (2.6.10) follows. [J

Lemma 2.6.3. Let V' be the fundamental representation of SU(4) and let {\;}5_,
be the eigenvalues of the action of the mazimal torus on A*V. Then

SU(4
Xsyn(lk)(sz) = Z YT Vi (2.6.12)

1<in<...<ip<6

Proof. Let us take a basis of A*(V) to be {X,...,Xs} for SU(4). Let T be a
maximal torus of A*>(V) and let D € T. Then D is a diagonal matrix, say, D =
diag(A1, ..., Ag). Therefore, the eigenvalue of D corresponding to the eigenvector

12 We shall use the notion Sym” for symmetric powers and A¥ for exterior powers. For the
fundamental representation V' = [1,0,...,0], Sym*V = [k,0,...,0] and A¥V = [0,...,1,0,...,0]
(where 1 occurs in the k-th position from the left). Their characters in the case k = 2 are given by
the formulae

(xv(9)* +xv(g?) ,

(xv(9)® —xv(g®) -

XSym2V(g) =

xazv(g) =

NI ORI
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Xi, ®...® X, is A, ... A\;,. Since we know that the monomials of degree k in
X1,..., X form a basis of Sym*(A?V), (2.6.12) follows. [J

From (2.6.6), the character of A*V is given by

1
SU SU SU
XA2‘E'4)(2:1:Z2723) 9 (XV (4)(21=Z2=23) — Xv (4)(21’Z§’Z§)>
Lizelya o (2.6.13)
= — z —_— Z — Za . -0,
52 1 2 2 2 3

1 2 3

Therefore, we can take the eigenvalues \; of the action of the maximal torus of A*V
to be

)\1223, /\2—212, )\3225, )\4—222, )\5:2’32), )\6223?2. (2614)

Substituting these into (2.6.12), we obtain

SU((4 2(na—n 2(nga—n 2(ng—n
XSyrr(l’“)(MV) Z 21( 2 1)Z2( 4 3)23( 6—15) ' (2.6.15)
e

Combining (2.6.9), (2.6.10), and (2.6.15), we find that the expression (2.6.9) is
indeed a character expansion:

o0 o0
= SU(4 U(
gD 0) = 37 (W ey~ G ) £ = SN - (26,10
k=0 k=0

This is in agreement with the formula (2.6.4).

The Example of (Ny > 1, N, = 2)

Let us move on to a general number N; > 1 flavours; here the global symmetry is
SU(2Ny). Denote coordinates on the maximal torus of SU(2Ny) by {(bj}?f{ and, as
before, substituting ¢; = t¢; into the generating function g(Ns>1Ne=2) in (2.5.21), we

obtain
2n
g(—l)k(t@)%_?’(l — t*¢7) T (i =ty (1 - t2¢i¢;)
(Nf>1Ne=2) (5. .\ — S
g S (t,Zz) 21 Hz(t¢z_t¢3)(1_t2¢z¢])
<i<j<2n

(2.6.17)
This equation can be simplified to the formula (2.6.4) using various identities of Schur
polynomials (see, e.g., Appendix A of [41]) and the fact that the character x(ox.0,..0)
is given by the Weyl character formula (see, e.g., Section 24.2 of [41]):

Xo0,.0) = | 008 Xlrr10. 01 (2.6.18)
X[k—1,0,...,0]  X[k,0,...,0]
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where the character x(x,.. 0 is given by

PPy ... P
= : . _ 2.6.19
X[k,0,...,0] (ZZL ) Z.1!17’1 i ’i2!212 .. 'lk‘kzk ( )
5 o,
1<a<k
where P; := xpi,.., 0](z{, . ngf). For example, X(30,..0 = %Pf’ + %Png + %Pg.

From SU(2Ny¢) to SU(Nys), x SU(Nys)g

According to Observation 2.3.7, we know that the global symmetry of (Ny, N, =
2) theory is SU(2Ny). However, for N. > 2, we have talked mainly about the
SU(Ny)r x SU(N¢)r global symmetry. In this section, we shall demonstrate how to
decompose various representations of SU(2Ny) into those of SU(Ny), x SU(Ny)r.

Here we shall denote the chemical potential counting the quarks in SU(2Ny)
by t, and the ones counting the quarks and antiquarks in SU(Ny), x SU(N¢)r
respectively by ¢ and ¢. Therefore, we have the relation

Ny) ~ SU(N ~ SU(2N
W)+ axg @) =t (24 (2.6.20)

------

Ny—1 - A Np—1 . : . .
where {z;},/, ~ and {Z;},”, " are respectively variables of coordinates on the maximal

torus of the first and the second SU(Ny), and {z; }j]:\[{ ! are variables of coordinates
on the maximal torus of SU(2Ny).

Let us choose the coordinates on the maximal tori according to (2.5.7) and
(2.5.8). With this choice of coordinates, (2.6.20) will be satisfied, if

t < .
q = th y q = Z_) 5 Z; = .’L’ibl s ZNf = be s ZNeri = be*lL%Nf,i s (2621)

where 1 < ¢ < Ny — 1 and b is the chemical potential counting U(1)p-charges.
Observe that with this solution, the numbers of variables with zero degree, namely
b, x’s, ¥’s and z’s, are equal on both side of (2.6.20).

As an example, the fundamental representation [1,0,...,0] of SU(2Ny) can be
decomposed via its character as follows:

SU(2N, Z2 | %3 ZaNp—1 1
X[l,o(,...,g])(zj) =+ —+=+.. . +—=4
<1 22 ZQNf*Q ZQNf,]_
X TN,— 1 1/ Far 7
=b<x1+—2—|—...+ Nyl )+_<wal+~Nf 2, 4h
T1 xNJ,fQ fo,1 b 'erfl T
SU(Ny) I sunNpg, -~
- bX[l,O,ufO]L( i) EX[O ..... oﬁ]R(%‘)
SU(Ny)rxSU(Ny) L su(Ng)LxsUy)
= bX[l,O,..fO;f),...,O} ! R(%) + EX[O,...,ofof_,oJ] ! R( ,,) )
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where we have used (2.6.21) to obtain the second equality. Hence, we may write

[17 07 s 70]SU(2Nf) — []-7 07 cee 707 07 s 7O]SU(Nf)LXSU(Nf)R®[OJ s 707 07 ) 1]SU(Nf)L><SU(Nf)R .
(2.6.23)
Let us now decompose the representation [0, £,0, ..., 0]sy( Ny)- We write down

(31.\?‘2)] using the formula (2.6.18). Once we substitute z’s by z’s and

T’s according to (2.6.21), we obtain the following decomposition:

the character X%Ul

k
[kaaow"ao]SU(ZNf) — Z Z [nlvgaoa"'70;07'"0>manl]SU(Nf)L><SU(Nf)R .
n1=0 ni1+l+m=~k

(2.6.24)
ni+2¢ sn1+2m

2k by ¢ q and rewrite the character expan-

We can therefore replace
sion in (2.6.4) as follows:

Observation 2.6.4. The SU(Ny),x SU(N¢)gr character expansion of the generating

function g(Nf’NCZQ) s given by
gD (g,q) = > [, 4,000,050, .0, mmy)g" PG (2.6.25)
ni,f,m>0
where the square bracket denotes the character of the [nqy,¢,0...,0;0,...,0,m,n]

representation of SU(Ny)r x SU(N¢)r. This equation takes the form of (2.6.1), as
expected.

This result is what is expected if we temporarily distinguish quarks from anti-
quarks in N, = 2 theory. The reason is as follows. A meson can either be regarded
as an object transforming in the representation [1,0,...,0;0,...,0,1] of SU(Ny)p x
SU(Ny)g or as an object transforming in the representations [0,1,0,...,0;0,...,0]
or [0,...,0;0,...,0,1,0] of SU(N¢) x SU(Ny)g, in which case it can respectively
be regarded as a ‘baryon’ or an ‘antibaryon’. As we mentioned in Section 2.3.3, any
GIO in the N, = 2 theory must be a (symmetric) product of mesons. Therefore,
without the constraints generated by (2.3.17), we would say that a GIO transforms
in the SU(Ny), x SU(Ny)g representation

[n1,0,...,0;0,...,0,m]®sSym‘[0,1,0,...,0;0,...,0]®sSym™0,...,0;0,...,0,1,0],

for some non-negative integers ny, £, m. However, as we mentioned in a comment
preceding the constraint (2.3.17) that any product of M’s antisymmetrised on 3 (or
more) flavour indices must vanish, it follows that the result of these symmetric tensor
products is an irreducible representation with all the numbers located after the second
positions from the left and right being zeros, i.e. [ny,¢,0...,0;0,...,0,m,n], which
is in accordance with the result in (2.6.25).
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2.6.2 Character Expansion for General (Ny, N,)

Having revisited two colours let us now study the general case. Armed with an insight
from (2.6.25), we now propose the character expansion of the generating function of
any (Ny, N.) theory.

Observation 2.6.5. The character expansion of the generating function of SQCD
18!

Ny¢,Ne N\ . azb
g( s ‘)(t,t)— E [n1,ng, .ok, UN,n, 0,000,050, .. 0, MmN, Ry Mk, - - -, o, Mg 297
n1,n2,...,ng,¢,m>0

(2.6.26)

In the above, k = N.— 1, a = (N, + Z?:l jn; is the number of boxes in the Young
diagram for the representation of SU(Ny)r, b = mN, + 25:1 gn; is the number of
boxes in the Young diagram for the representation of SU(Ny)g, and we have again
used the notation below Observation 2.3.3 for the representation.

We note that, as in (2.6.25), the asymmetry between ¢ and m arises due to the
fact that the baryons and antibaryons transform respectively as [0,...,0,1y..2,0,...,0;0,...,0]
and [0,...,0;0,...,0,1n..5,0,...,0]. Moreover, since any product of M’s, B’s, B’s
antisymmetrised on N, + 1 (or more) flavour indices must vanish, it follows that all
the numbers located after the N.-th positions from the left and right are zeros.

The character expansion of the N; < N, theory. We mentioned earlier that
the meson, which transforms in the bifundamental representation [1,0,...,0;0,...1]
of the global symmetry SU(Ny), x SU(N¢)g, is the only basic generator of the
GIOs. It follows that the character expansion of the Ny < NN, theory is encoded in
the plethystic exponential:

ng<NC(t’g) = PE [[1, 0,...,0;0,..., 1]tﬂ

=Y Sym*[1,0,...,00,...,1] ()"

k=1
oo Ny oo Ny
_ ) k

= E E [n1,n2, . nN,—isnN—1, - ) 6 | K — E gng | ()",

k=1 i=1 n;=0 j=1

N
N i
f oo Z j?’lj

= E E [TLl,?’LQ,...,’I’LNf_l;TLNf_l,...,TLQ,TLl] (tf)ﬂfl , (2627)

i=1 n;=0

where the second equality follows from the basic property of the plethystic exponen-
tial which produces all possible symmetric products of the function on which it acts,
and the third equality follows from (2.3.4).
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A non-trivial check of the general character expansion (2.6.26). We note
that the dimension of the representation [ai,...,a,_1] of SU(n) is given by the
formula (see, e.g., (15.17) of [41]):

dim [aq,...,a, 1] = H

(ai—l—...—kaj_l)—kj—i
1<i<j<n J =

(2.6.28)

Applying this dimension formula to the representations in (2.6.26) for various (N, N.)
and summing the series into closed forms, we obtain the expressions which are in
agreement of the earlier results, e.g. (2.5.30)—(2.5.34).

As an example, let us consider (Ny = 5, N, = 3) theory. Using formula (2.6.28),
we find that

(4! 3120 1)~ 1x
ny+ 1)(ng +ne+2)(ng +ng + £+ 3)(ng +ng + £+ 4)X

dim [n17n27£70; Oaman27n1] = [
(
(ng +1)(ng + €+ 2)(ng + £+ 0+ 3)x
(
(

(+1)(0+0+2)x
04 1)] x [the same expression with ¢ — m] .

Replacing the representation in (2.6.26) with this expression and summing over
n1,ng, £, m, upon setting t = ¢ we recover the expression for ¢g©®>% in (2.5.34).

Character Expansion of a Plethystic Logarithm. Using Observations 2.3.3
and 2.3.4, we can write down the character expansion of the first few terms in the
plethystic logarithm of the generating function gVs'Ve) from (2.6.26) as follows:

PL [¢"N7N)(¢,1)] =[1,0,0,0,0;0,0,0,0, 1]t + [0, ..,0,1,0,0;0,0,0,0, 0]t +
[0,0,0,0,0;0,0,1,0,...,0]t" —[0,...,0,1,0;0,0,0,0, 1]tNT'{ —
[1,0,0,0,0;0,1,0,...,0[t""™ —10,...,0,1,0,0;0,0,1,0,...,0]tNetNe .. .

(2.6.29)

where the positions of 1’s in the representations of SU(Ny), are indicated by the
powers of ¢, and the positions of 1’s in the representations of SU(Ny)g are indicated
by the powers of £. This expansion coincides precisely with the observations on the
generators, relations and their transformation properties under the global symmetry.

Having seen a number of character expansions, we can establish some selection
rules for the coefficients in the character expansion which will be extremely useful
in reducing the work in calculating the character expansion:

Observation 2.6.6. (Selection rules for the coefficients in the character
expansion)

1. FEach irreducible representation of the global symmetry appears at most once as
a coefficient in the character expansion;
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2. Each irreducible representation appearing as a coefficient in the character ex-
pansion corresponds to a Young tableau, with t and t counting the number of
boxes. The chemical potential t counts the number of boxes in the irreducible
representation of SU(Ny)p. Similarly, the chemical potential t counts the num-
ber of bozes in the irreducible representation of SU(Ny)g;

3. Suppose that the coefficient of the term t*1t*2 is [a;b]. Then, the coefficient of
the term t*2t*1 is [b; a], where the bar indicates the complex conjugate represen-
tation. For Ny < N, this is correct modulo N.;

4. If the degrees of t and t are equal, then the coefficient of such a term is a real
(self-conjugate) representation. In the square bracket notation, the numbers in
the bracket are palindromic with respect to the semicolon.

In the following subsections, we demonstrate the above observations in various ex-
amples.

The Example of (Ny =2, N, = 3)

Recall that the global symmetry of the theory is SU(2) x SU(2) = SO(4), and the
generating function is given in (2.5.31). Treating the fugacities t, ¢, as the fugacities
for the fundamental representation of the first SU(2) and treating the fugacities 1, t,
as the fugacities for the antifundamental representation (which is identical to the
fundamental representation) of the second SU(2), we make the substitutions:

t o -t
tl =1tz y t2 = —, tl = tw y t2 = —. (2630)

2 w

Substituting these into (2.5.31), we find that
23)(; 7. _ 1
g (t,t,Z,’LU)— ~ ~ -
(1) (1) (1) (1t

= PE [ [1;1]¢ ] (2.6.31)

where the second equality follows because the character of the bifundamental repre-
sentation of SU(2) x SU(2) (otherwise known as the vector representation of SO(4))
s [1;1] = [1;0][0;1] = (2 + 1/2)(w + 1/w). This is in agreement with (2.6.27).
Therefore, the character expansion is

= i i [n; n) (¢)" (2.6.32)

n=0 m=0

63



The Example of (N; =3, N. = 3)

The global symmetry of the theory is SU(3) x SU(3), and the generating function
was given in (2.5.32). Treating the fugacities ti, ts, t3 as the fugacities for the
fundamental representation of the first SU(3) and treating the fugacities #;, 5, t3 as
the fugacities for the antifundamental representation of the second SU(3), we make

the substitutions:
z t ~ t ~ W1 ~ - -
=tz , to=2t, ty=—, bh=—, to=—1, f3=1tws.(2.6.33)
21 29 w1 w2

Substituting these into (2.5.32), we find that
9B (t,1) = (1 —[0,0;0,01£*") PE [ [1,0;0, 1] + [0,0;0,0]t* + [0, 0; 0, 0] | (2.6.34)

where [1,0;0,1] = [1,0;0,0][0,0;0,1] = (zl +2y %) (w% 4oy wg) and [0,0;0,0] =
1. This result is what to be expected using the comment preceding Observation 2.3.6.
Alternatively, we can use Equation (2.6.2) and write the character expansion of g3

as
9(373) (ta 'E) = Z [nlﬂ Na; Na, nl]tn1+2n2+3€ En1+2n2+3m : (2635)

n1,n2,£,m>0
The Example of (Ny =4, N, = 3)

The global symmetry here is SU(4) x SU(4) and the unrefined generating function
was given in (2.5.33). Using the same procedure as shown in previous examples,
we obtain the generating function g3 (t,f;z,..., 23, w1, ..., ws) as follows. The
numerator can be written as

1—[1,0,0;0,0,0]t*t + [0,1,0;0,0,0]¢%* — [0,0,1; 1,0, 0]£*¢* + [0,0, 1;0, 1, 0]£°*—
0,0,1;0,0,1]%¢ —[0,0,0;0,0, 1)&t* — [0,0,0;0, 1, 1]¢"t* + [0,0,0; 0, 0, 2]£'¢* —
0,1,1;0,0,01£%" +[0,1,0; 1,0, 0]#*° + [0, 1, 0; 0,0, 1]£"¢° + [2,0,0; 0, 0, 0]¢"*¢° —
1,1,0;0,0,00¢*" +[0,0,1;1,0,0]t"t" +[0,0,1;0, 1,0]£"%" — [0,0,1; 0,0, 1]t*3¢" +
0,0,0;0,1,0]#* — [0,0,0; 1,1, 0]#°t* + ([0, 2, 0;0,0, 0] + [1,0, 1; 0,0, 0] +
2[0,0,0;0,0,0] + [0,0,0;1,0,1] 4 [0,0,0; 0,2, 03> +

c.c./exchange up to #5419 (2.6.36)

[
[
[
[

where ‘c.c./exchange’ means that the rest of the terms can be obtained by exchanging
the representations before and after the semicolon, and/or taking a complex conju-
gate representation, according to Observation 2.6.6. For example, the coefficient
of t7t1% is [0,1,0;1,0,0], and the coefficient of #'2#'° is the conjugate representa-
tion of that of #16712¢16-15 = #4¢: —[0,0,1;0,0,0]. The coefficient of £3¢® is a real
(self-conjugate) representation. The reciprocal of the denominator can be written as

PE [[1,0,0;0,0,1]tf + [0,0,1;0,0,0]t* + [0,0,0; 1,0, 0]¢%] . (2.6.37)
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(4,3

Alternatively, we can write the character expansion of ¢*? as follows:

g3 (t, 1) = Z [n1, ng, n3; M, Ng, ny |t T2N2 N8 g F2n23ms (2.6.38)

ni,n2,n3,m3=>0

2.7 A Note on the Quantum Moduli Space of SQCD

In this section, we shall summarise the quantum effects on the vacuum moduli space
of SQCD. Excellent reviews collecting this work are [1, 5-7, 33].

The Ny < N, theories

A non-perturbative Affleck-Dine-Seiberg (ADS) superpotential [1, 5-7, 33|, whose

form is consistent with symmetries and holomorphy, is dynamically generated:

_ 2.7.1
det M ’ ( )

where A is the scale of the theory and Cl, n, is in general renormalisation scheme-

ABNe—Np\ 1/ (Ne=Ny)
Waps = Cn, ., ( )

dependent. Because of the dependence of Wjpg on meson fields with negative powers,
it is never zero, but flows to zero at infinity. Consequently, at any finite values of the
meson fields, Wpg is non-zero, and there is no supersymmetric vacuum. Quantum
corrections therefore lead to a ‘runaway’ vacuum.

Although this superpotential is non-polynomial in the quark and antiquark
fields, we can still solve for the F-terms and examine the moduli space of solutions,
a problem we have adapted to STRINGVACUA [11]. As expected, there is no stable
vacuum. The classical vacuum is an auxiliary space that allows for the enumeration
of GIOs via the Hilbert series. While the classical vacuum variety does not have a
physical meaning in the full quantum theory, it nevertheless encapsulates information
about the operatorial structure of SQCD for Ny < N..

The Ny > N, theories

The case of Ny = N,. The moduli space is still parameterised by the basic gen-
erators M, B, and B. The classical constraint (2.3.14) is however modified by a one
instanton effect [1, 5-7], and the quantum moduli space is described by the relation

det(M) — (xB)(xB) = A*Ne . (2.7.2)

From the constraint (2.3.14), we see that the classical moduli space is singular at
the origin: M = B = B = 0. This singularity does not exist in the true vacuum
(2.7.2), and so the latter geometry is everywhere smooth. Although details of the
GIOs and constraints at each order of quarks and antiquarks are modified, their
numbers are unaffected. Thus, in spite of different geometrical properties between
the classical and quantum moduli spaces, the Hilbert series is not corrected quantum
mechanically.
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The case of Ny > N.. In this case, the quantum moduli space coincides with the
classical moduli space [1, 7]. Thus, geometric and algebraic features of the classical
vacuum variety My, n, are also properties of the true vacuum of the theory.

A comment on Seiberg duality. In the conformal window, the convenient de-
scription of SQCD may be in terms of dual variables [4]. An early motivation in check-
ing Seiberg duality using Hilbert series is due to Pouliot [24]. Later Rémelsberger
[25] showed that the Hilbert series of SU(2) SQCD with three flavours and its mag-
netic dual match. There are, however, no further geometric checks in the literature.
It is relatively easy to verify that the dimensions of the electric and magnetic theories
agree. Using the Hilbert series to more carefully examine the geometric aspects of
Seiberg duality is clearly an interesting problem that deserves investigation in its
own right. We leave this to subsequent work.
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Chapter 3

SQCD with Classical Gauge
Groups

3.1 Introduction and Summary

As pointed out in Chapter 2, the vacuum moduli space of Supersymmetric Quan-
tum Chromodynamics (SQCD) has a very rich structure from which we can employ
various algebraic and geometrical techniques to gain physical insights. The plethys-
tic programme, Molien-Weyl formula and character expansion techniques provide
a very satisfactory way in constructing generating functions (Hilbert Series) which
solve the complicated problem on counting gauge invariant operators. Having stud-
ied the SU(N,) SQCD in Chapter 2, we extend our work to the other classical gauge
groups, namely SO(N,.) and Sp(N,). Several aspects of the SO and Sp gauge theo-
ries, e.g. dualities, deconfinement, s-confinement, have been extensively studied in a
series of works [2-15].

In this chapter, we focus on N/ = 1 SQCD with SO(N.) and Sp(N,) gauge
groups with N, flavours of quarks transforming, respectively, in the vector and fun-
damental representations of the gauge group. The global symmetries of the theory
are respectively SU(Ny) x U(1)g and SU(2N¢) x U(1)g. We shall concentrate our
attention on the case with a vanishing superpotential. The vacuum space is conve-
niently described by polynomial equations written in terms of variables which are
the holomorphic gauge invariant operators (GIOs) of the theory, namely the mesons
and baryons for the SO theories, and the mesons for the Sp theories.

Outline and Key Points:

e In Section 3.2, we examine the classical moduli space of SO(N.) SQCD with
Ny flavours. For Ny < N, the moduli space is C2Ns(Ns+1) (Observation 3.2.1)
with the Hilbert Series given by (3.2.4). For Ny = N,, the moduli space is
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a complete intersection and is, in fact, a single hypersurface in C2Nr(Nr+D+1
(Observation 3.2.2) with the Hilbert Series given by (3.2.10). For Ny > N,, the
moduli space is a non-complete intersection of polynomial relations (syzygies)
amongst the GIOs. We use the plethystic exponential and Molien—Weyl formula
to derive generating functions for various Ny and N.. We also use the plethystic
logarithm to count basic generators of GIOs and basic constraints between
them.

In Section 3.2.4, we synthesise our prior results using representation theory and
the character expansion. It proves useful to write the Hilbert series in terms
of characters. This permits the generalisation of our results to an arbitrary
number of colours and flavours. Subsequently, we obtain an important result,
namely the full character expansion of the generating function for any Ny in
an arbitrary SO(N..) theory (Equations (3.2.29), (3.2.30), (3.2.31)).

In Section 3.3, we investigate the classical moduli space of Sp(N.) SQCD with
Ny flavours. For Ny < N, the moduli space is Ca NNy +D) (Observation 3.3.1)
with the Hilbert Series given by (3.3.3). For Ny = N, + 1, the moduli space is
a complete intersection and is, in fact, a single hypersurface in CZNetDNet1)
(Observation 3.3.2) with the Hilbert Series given by (3.3.6). For Ny > N, +
1, the moduli space is a non-complete intersection of syzygies amongst the
GIOs. The plethystic exponential and Molien—Weyl formula are used to derive
generating functions for various Ny and N,. We also count basic generators of

GIOs and basic constraints using the plethystic logarithm.

The full character expansion of the generating function for any Ny in an arbi-
trary Sp(N.) theory is given in (3.3.10).

In Section 3.4, we study how the SO and Sp gauge theories arise from the
SU gauge theory due to an orientifold Z, action. Without specifying the ex-
plicit brane construction, we consider an orientifold projection on the global
symmetry, the basic generators, and the basic constraints in the SU theory.
We find that the projection occurs in two steps: The antifundamental index is
first turned into a fundamental index, and the resulting symmetry then gets
respectively symmetrised and antisymmetrised in the SO and Sp theories.

In Section 3.5, we take a geometric apercu of the moduli space of SQCD. We
establish that the classical moduli space is an irreducible affine Calabi-Yau
cone.
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3.2 SO(N.) SQCD with N; flavours

We specify SQCD with gauge group SO(N.) and Ny flavours by the ordered pair
(Nt,SO(N.)). This theory has quarks @, with flavour indices i = 1,..., N; and
colour indices a = 1,..., N.. Thus, there is a total of N Ny chiral degrees of free-
dom from the quarks. Their quantum numbers are summarised in Table 3.1. For
reviews on this theory see, e.g., [2-4]. For Ny < N, the moduli space is CaNr(Ny+1)
(Observation 3.2.1) with the Hilbert Series given by (3.2.4).

Gauge symmetry Global symmetry
SO(N.) SU(N,) U(D)p U
Q! [1,0,...,0] [1,0,...,0] 1 W

Table 3.1. The gauge and global symmetries of SO(IN,.) SQCD with Ny flavours and the
quantum numbers of the chiral supermultiplets.

For Ny < N, — 2, at a generic point in the classical moduli space, the SO(N,)
gauge symmetry is broken to SO(N,—Ny). Since the dimension of SO(N) is N (N —
1), there are

1 1 1
ENC(NC —1)— E(Nc — Ny)(N, — Ny —1) = N.Ny — §Nf(Nf +1)
broken generators. Therefore, of the original N Ny chiral supermultiplets, only

1 1
NNy — | NeNp = o Np(Np +1) | = 5Ny (Ny +1)

singlets are left massless. Hence, the dimension of the moduli space of vacua is
: 1
dim (M, <n,—2) = §Nf(Nf +1) . (3.2.1)
For Ny > N, — 1, at a generic point in the moduli space, the SO(N.) gauge
symmetry is broken completely and hence the number of remaining massless chiral
supermultiplets (i.e. the dimension of the moduli space) is given by

1
dim (M, >n,—1) = NyN. — 5NC(Nc -1). (3.2.2)

According to [2], we see that the ‘D-flatness’ constraints force us to consider
matter field solutions in two cases, namely Ny < N, and Ny > N.. We shall focus
on GIOs in each of these cases below.
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3.2.1 The Case of Ny < N,

We can describe the %N #(Ny+ 1) light degrees of freedom in a gauge invariant way
by the mesons:

MY = QLQl5% (meson) . (3.2.3)
We emphasise that the indices i and j are symmetric. Therefore, the meson trans-
forms in the global SU(N;) representation Sym?[1,0,...,0] = [2,0,...,0]. We note
that for the Ny < N, theory, there are no relations (constraints) between mesons.
Phrasing this geometrically, and noting the dimension from (3.2.1), we have that

Observation 3.2.1. The moduli space My, <y, is freely generated: there are no re-

lations among the generators. The space My, <n, is, in fact, nothing but CaNr (V1)

Using the plethystic programme [1, 18, 21-24], we can immediately write down the
generating function of GIOs for Ny < N, as'

1
(1 — ¢2)2Ns (gD

gNr<Ne(t) = (3.2.4)

where t is a fugacity which can be taken to be conjugate to the R-charge. We
emphasise that this formula does not depend on the number of colours N.. This

$Np(Ng+1)

expression is simply the Hilbert series for C , with weight 2 for each meson.

3.2.2 The Case of Ny > N,

We can describe the light degrees of freedom in a gauge invariant way by the following
basic generators:

My = QZQg&ab (mesons) ;

Bll...ZNC — 211 . a]XTCC eal"'a‘NC (baryOHS) .

(3.2.5)

For Ny > N,, under the global SU(N;) symmetry, the mesons M transform in the
2,0, ...,0] representation and the baryons B transform respectively in [0,0, ..., 1x..z,0,..., 0],
where 1;,;, denotes a 1 in the j-th position from the left. The dimensions of these
representations are respectively %N 7(Ny+1) and (%{ )

We emphasise that the basic generators in (3.2.5) are not independent, but they
are subject to the following constraints. Any product of M’s and B’s antisymmetrised
on N.+ 1 (or more) upper or lower flavour indices must vanish:

M-+B=0, (3.2.6)

IThis expression can be written in terms of the plethystic exponential, which is defined in
(3.2.11), as PE [t*dim [2,0,...,0]] = PE [§ N (Ny + 1)¢?].
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where (xB)
with a lower flavour index. We note that this constraint transform in the global
SU(Ny) representation

. . I . 21...1N, > .
iNes1iN, = Nc!e“mszB < and a ‘-’ denotes a contraction of an upper

[1,0,...,0, 1n.41.1,,0, ..., 0] .

Another constraint follows from the facts that the rank of the meson M is N,
and that the product of two epsilon tensors can be written as the antisymmetrised
sum of Kronecker deltas:

Bil'”iNcB'

J1---IN¢

=M M (3.2.7)

: JIN¢

We note that this constraint transforms in the global SU(Ny) representation
Sym?[0,...,0,1x,.7,0,...,0] .

Because of these constraints, the spaces My, >y, are not freely generated.
Moreover, they also prevent us from writing a generating function as directly as
in (3.2.4). Nevertheless, we will see that the Molien—Weyl formula gives us the right
answer.

The Case of Ny = N,

The special case of Ny = N, deserves some special attention. The total number
of basic generators for the GIOs, coming from the two contributions in (3.2.5), is
sNy(Ny+1) + 1. From (3.2.2), the dimension of the moduli space is

1
dim (My,—n,) = ENf(Nf +1). (3.2.8)

There is one constraint (3.2.7), which in this case can be reduced to a single hyper-
surface:

B? = det(M) . (3.2.9)

This constraint transforms in the trivial representation [0, ..., 0] of the global sym-
metry SU(Ny) (as the length of the weight is the rank of SU(Ny) or Ny — 1, there
are no 1’s). Note that the relation (3.2.6) does not provide any additional informa-
tion and (3.2.7) constitutes the only constraint. Since, in this case, the dimension
of the moduli space equals the number of the basic generators minus the number of
constraints, we arrive at another important conclusion:

Observation 3.2.2. The moduli space My,=n, 1s a complete intersection. It is in

fact a single hypersurface in C2Nr(Ni+D+1,
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An interesting question to consider is to determine the number of independent
GIOs that can be constructed from the basic generators (3.2.5) subject to the con-
straints (3.2.6) and (3.2.7). In the case Ny = N., where the only constraint is (3.2.9),
the generating function can be easily computed from the knowledge that the modul
space is a complete intersection (See [18] for a detailed discussion on this). There are
IN§(Ny+ 1) = LN, (N, + 1) mesonic generators of weight t? and one baryonic gen-
erator of weight t"¢, subject to a relation of weight ¢>V¢. As a result, the generating
function takes the form?

1 — ¢2Ne 1+t

Nf:NC e e
g (t) (1 . tQ)%NC(NCJrl)(l _ tNC) (1 _ tQ)%NC(NCJrl) . (3210)

This is indeed the Hilbert series of the hypersurface (3.2.9).

3.2.3 Counting Gauge Invariants: the Plethystic Exponential and Molien—
Weyl formula

Since a special orthogonal group falls into one of the two categories of the classical
groups, namely B, = SO(2n+1) and D,, = SO(2n), we use this notation throughout
the section unless indicated otherwise. We note that the Lie algebras of B, and D,
both have the same rank n.

To write down explicit formulae and for performing computations we need to
introduce weights for the different elements in the maximal torus of the different
groups. We use z, (where a runs over 1,...,n) for colour weights and t; (where
i=1,...,Ny) for flavour weights. These weights have the interpretation of fugacities

for the charges they count and the characters of the representations are functions of
these variables. Correspondingly, the character for a quark is Xﬁ%(,?g;?gﬁ.m(tw 2q)

SU(Nf)XDn
O X[1,0,...,0:1,0....,0]
we are dealing with. We further introduce a fugacity which counts the number of

(tas za) (Where @ =1,..., Ny — 1) depending on which gauge group

quarks, t.

The method of computing the Hilbert series is similar to that discussed in
Chapter 2. For the sake of completeness and easiness of reading, we go through the
computation in details here. We construct chiral GIOs by first taking symmetric
products of quarks, which transform in the bifundamental [1,0,...,0;1,0,...,0] of
SU(Ny)x SO(N,.). Recall from Chapter 2 and [1, 6, 18, 21-23, 25, 30-32] that a con-
venient combinatorial tool which constructs symmetric products of representations is
the plethystic exponential, which is a generator for symmetrisation. To briefly remind
the reader, the plethystic exponential, PE, of a function g(t4,...,t,) is defined to be

°This expression can be written in terms of the plethystic exponential, which
is defined in (3.2.11), as (1—¢*N¢)PE[¢? dim[2,0,...,0] + t"e dim [0,...,0]] =
(1— V) PE [LNo(N, + 1)1 + V]
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exp (Z M) Whence, we have that

k=1

SU(N ;)% Bn,Dn, . 1 SU(N ;)% Bn,Dn,
PE [t oo (tas )| = exp [ZE G (t’;,zi;)>] . (3211)

A somewhat more explicit form for the character can be

Ny

SU(Ny)x By, Dn By, Dy

tX[l,o,...fo;T,o,...,O] (ta, 2a) = X1[6,.."0) (%a) Zti ; (3.2.12)
=1

where @ = 1,...,Ny — 1 and @ = 1,...n. Combining (3.2.11) with (3.2.12), we
obtain

Ny 00 Ny
1
Brn,Dn, B,,,Dy,
PE | X{6 " (za) D ti| =exp [ ) z Xiol iG> | (3.2.13)
=1 k=0 =1

Here, the dummy variables ¢; are the fugacities associated to quarks counting the
U(1)-charges in the maximal torus of the global symmetry. Henceforth, we shall take
their values to be such that |t;| < 1 for all 4.

Having obtained symmetric products of quarks using the plethystic exponen-
tial, we remind the reader that our aim is to obtain the generating function that
counts gauge invariant quantities. Therefore, the next step is to project the repre-
sentations of the gauge group generated by the plethystic exponential onto the trivial
subrepresentation, which consists of the quantities snvariant under the action of the
gauge group. Using knowledge from representation theory, this can be done by inte-
grating over the whole group (see, e.g., [26-29]). Hence, the generating functions for
the (Ny, B,,) and (Ny, D,,) theories are given by

Ny
gWNrsBa) o(Np.Dn) _ / dps,.0, PE | X (2a) Y ti| - (3.2.14)
Bn,Dn i=1

These formulae are the Molien—Weyl formulae.

Let us write the above generating function in a ready-to-calculate form. For
each category, we take a basis for the dual space of the Cartan subalgebra to be
{L,}7_;. A convenient choice which we shall adopt is L, = (0,...,0,1,.,0,...,0),
where the length of the tuple is n. The weights of the fundamental representations
of B,, and D,, are respectively {0, £L,} and {£L,}. With this choice, we can write
down the characters of the fundamental representations of B, and D,, respectively
as

a

- 1
X[Dl,rf),...,o](za) = Z (Za + Z—> . (3.2.15)

a=1

. 1
Xﬁ?o,...,o]("“a) =1+ Z (Za + z_) ;
a=1
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Using formula (3.2.13) and the expansion —log(l — z) = Y77 a*/k, we can write
the plethystic exponential as

Ny ]
1

PE |xi" tl = ’

b1 ; vazfl ot (1= 1) (1 — tiz,) (1 - %)

- v ]

1
Dy .

PE |x{o. gz ti| = T (1 t,-> . (3.2.16)

L =1 i=1 1lg=1\1 7 li%a —

The roots of the Lie algebras of B,, and D,, are respectively {£L, + Ly, +L,} (with
a #b) and {£L, + Ly} (with a # b). Haar measures of special orthogonal groups
can be written explicitly using Weyl’s integration formula (see, e.g., Section 26.2 of

[19]):

1 dz; dz, ~
d e % P % e .. T 1 - Zal 3
/Bn KB, (27i)nl2n =1 zn|=1 21 Zn {a}< H l >

=1

1 dz; dz, - 3
/Dn (2mi)mnl2n=t f o =1 21 Zn 7 H !

=1

where o and [ are respectively roots of B,, and D,,, and the notation «; denotes the
number in the [-th position of the root oo = (v, g, . .., v,) and similarly for 3. For
reference, we shall give explicit examples for small values of N,:

1 dz 1

d = ~Z(1=-==)(1-
/50(3) Hso®) = 9% o 7|{z|:1 2 ( z) (1=2),
/ d — 1 j{ dz dzo

o) Hso) = 4 x (2mi)? l=1 21 Ji=1 22

d ——,7{ — — (1—— ] (1=2z)(1=—](1—=29) X

/;0(5) Hs06) 8 X (27”)2 lz1]=1 *1 J|zg|=1 %2 21 ( 1) ) ( 2)
(

<1 - i—l) (1 - z—j) (1 - i) 1— 212) . (3.2.18)

As an example, we shall demonstrate how to calculate the generating function
g3%9C)  Putting the above together, we find that

(3.50(3)) _ 1 dz (1-3)(1-=2)
g e be) = 555 ﬂizl I 0—t)(—te(a_gy 21

Using the residue theorem with the poles z = 0, ¢y, t5, t3 within the unit circle, we
find that

1— 2242

(3,50(3)) —
g (tla t2a t3) - .
(1 - t1t2t3) H1§i§j§3(1 - titj)

(3.2.20)
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Note that upon setting t; = ty = t3 = t, we recover formula (3.2.10) with N, = 3.
The latter is called the unrefined generating function. It suffices for our purposes to
compute unrefined generating functions (i.e. setting all ¢; = t). Results are listed
below:

The case of N, = 3. Let us compute unrefined generating functions for the N, = 3
theory. We have

(N7.50() () — L dz (1-1)(1-=2)
g (t) 2 X 2m f{z:l z [(1 . t)(l B tz) (1 _ é)}Nf- (3.2.21)

Using the residue theorem with the poles at z = 0 and z = ¢, we find the following
generating functions:

1
1
g@®5oB) (1) = FpTie 1437 +6t" +10t° + 15¢° + 21" + ... |
9(3750(3))(1:) _ 1 — t6 - 1 + t3

=251 )~ ([1-e)
=1+ 6t% 4+ 13 4+ 21t + 6t° + 56t° + 217 + 126t° + 56¢° + 25210 + ... |
2 3 4 6
(4500) (1) — L4+ 12 4483+t +t
(1—12)°
= 14 10t* 4 4¢> + 55t* + 36t° 4 220t° + 180¢7 + 714¢% + 660t7 + 19921 + ... |
(.50 () 1+ 3t% + 10t + 6t* 4 6t° + 10t + 37 4 ¢°
(1 _ t2)12
= 14 15t% + 103 + 120t* + 126t° + 680t° + 855t + 3045¢% + ... |
2 3 4 5 6 7 8 9 10 12
6500 (1 1+ 6% 4 2083 + 21t* 4 36t° + 5610 + 36t7 + 21t + 20t° + 610 + ¢
(1 _ t2)15
= 14 21#% 4 208 4 231¢* + 336t° + 1771t% 4 29767 + 1052115 4 ... |
g0 (1) = 1 4+ 28¢% + 35t3 + 406t* + 756> + 4060° + 84787 + 30975t + ... . (3.2.22)

9

9

9

The case of N. =4. Let us compute generating functions for the N. = 4 theory:

9

(vpsoa) gy = L j{ %j{ dz (1-2)(1-2)(1-%) -2
| |

A (2mi)? 2|=1 72 [(1 —tz) (1 — i) (1 —tz9) <1 — i)]Nf.
(3.2.23)

z1l=1 ~1
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Integrating along the contour |z3| = 1 enclosing the poles z, = 0, ¢ and then along
the contour |z1] = 1 enclosing the poles z; = 0, t, we find that

1
g SO () = i T+ 4+t + 0+ 8+ 4104
1
9(2’50(4)) (t) - m - ]_ + 3t2 + 6t4 + 10t6 + 15t8 + 21t10 + cee
1
gBSOW) (1) = e 1+ 6t% + 21t* + 56t° + 126t + 252" + ... |
geNt) = =

(1—2)01 -t  (1— )P
= 14 10£* 4 56t* + 230t° + 770¢% + 22220 + ... |
2 4 6 8
.50 3y — 1+t24+6t +104+1¢
(1 _ t2)14
= 14 15¢% 4 125t* + 750t% 4 3585¢% 4 144270 + ... |
2 4 6 8 10 12
(6.5000) (1) 1+ 362 + 21¢* + 20¢° + 21¢% 4 310 + ¢
(1 . t2>18
= 1+ 21t + 246t* + 2051t° + 133773 + 72030t + ... |
2 4 6 8 10 12 14 16
(7500 (3 — 1+ 6t2 + 56t* + 126t° 4 210t3 + 126t1° + 562 + 6" + ¢
(1 . t2)22
= 14 28t% 4 441t* + 490015 + 41944¢% + 291648t"° + ... |

(8,50(4))(t) _ 1410t2+125¢4+500¢5+1310t84+1652¢104-1310¢124-500¢144+125¢16+10¢ 184420
(17t2)26

= 14 36t + 736t* + 10536t° 4+ 114696t + 1000728t + ... .
(3.2.24)

9

g

9

9

The case of N. = 5. Finally, let us compute generating functions for the N, =5
theory:

gWNSOB) (1) = ;7{ dz dz
8 x (271'2)2 |21]=1 z1 |22]=1 29

(1 - i) (1—2) (1 - i) (1— 2) ( . —1) (1 . —2) <1 - 1) (1— 2129)

[(1 — 1) (1 - i) (1—tz) (1 _ L) (- %)] N,

(3.2.25)

As before, we obtain generating functions as follows:

78



1
GBSO (1) = =142 80

11—t
1
, = =143 +6t"+ + + +...,
g2500) (1) 1+ 3t 4+ 6t* + 10t° + 15¢% + 21¢%°
(1—t2)°
1
, = =146+ + + + +..,
gBSO®) (¢ 1+ 6t% + 21t* + 56t° + 126¢° + 252¢1°
(1—t2)°
1
g (1) = —— =14 102 + 55t* 4 220t° 4 715t 4+ 2002t + ... |
(1 B t2)10
g®S0BN (1) = 1-¢® I

(1 _ t2)15(1 _ t5) o (1 _ 752)15

= 1+ 152 4+ 120t* 4 t° + 680t° + 15¢7 + 3060t® + 120t? 4+ 11628¢° + ... |
6.506) (4 — LT t*+t! (J; 6_t5t;g2z;6 + 15 + 410

= 14 21t% + 231t + 6¢° + 1771t° + 120t7 + 10626t® + 1260t + 53130t'° + ... |
(7506 () 1+ 362 + 6t* + 21¢° + 10¢° + 15¢7 + 15¢% + 10¢° 4 21410 + 66 + 3¢13 + ¢1°

(1 _ t2)25

= 1+ 282 + 406t* + 21t° + 4060t° + 540t” + 31465t% + 7210t° + 201376t1° + ... |
g®SOON (1) = 1 4 3612 4 66611 + 56t° 4 843610 + 1800t7 + 82251¢% + 29800t + 65800810 + ... |
gOSOBN(#) = 1 4 457 + 1035t + 126t° + 16215t° 4 4950t7 + 194580¢% + 99550¢° + ... .
(3.2.26)

From the above examples, it is amusing to observe that

Observation 3.2.3. The generating functions for the Ny > N, theory can be written
as

Py(t)
(1 — ¢2)tmMovpsowen

Ny2Ne (t) =

9

where Py(t) is a degree k polynomial such that Py(1) # 0 and dim M n, so(n.))—Fk is a
constant for a given N.. This constant, which is %NC(NC— 1) = (]\2[6) , can be computed
from the case of Ny = N., where the moduli space is a complete intersection, using

(3.2.10).

As we have seen several examples in Chapter 2, this observation also applies for
SQCD with SU(2) gauge group. Later we shall establish a similar observation for
SQCD with Sp gauge group.

3.2.4 Character Expansions and Global Symmetries

In the previous section, we have obtained the generating functions analytically for
various (Ny, SO(N.)) theories. As we mentioned earlier, the coefficients of t* in
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gWNSOWNe) (1) is the number of independent GIOs at the k-th order of quarks. We
shall see in this section that this number is in fact the dimension of some representa-
tion of the global symmetry at that order. Moreover, we shall see that the character
expansion allows us to write down the generating function for any (Ny, SO(N.))
theory in a very compact and enlightening way.

The N; < N, theories. Let us take the simplest example: Ny < N,. From (3.2.4),
we see that the character expansion for the case of Ny < IV, is

gNNe(t 2, 2np) = PE[2,0,...,0]] = ) Sym*[2,0,..., 0%, (3.2.27)
k=0

where the second equality follows from the basic property of the plethystic exponen-
tial which produces all possible symmetric products of the function on which it acts.
We emphasise that we use the fully refined generating function which is a function of
Ny variables, and so this expression depends on Ny variables, not just one variable
t. We note the identity (c.f. (2.3.4) in Chapter 2)

Ny
Sym*2,0,...,0] = > [2n1,2n9,... . 2nx,1] 6 [ k= jn; | . (3.2.28)
j=1

NN 20
Therefore, we have the character expansion

ng<NC(t; 21y ,sz,l) = Z [2711, 2ng, ... 7271Nf—1] 2 ) <3~2~29)

NN 20
Ny .
where a = 37,7, jn; .

Character expansion of an arbitrary (N;, SO(N,)) theory. From (3.2.27), we
see that the basic building block of the GIOs in the SO theory is the irreducible
representation with 2 Young boxes which are symmetrised. Any other irreducible
representation is obtained by repeating this basic building block and, in fact, each
of such an irreducible representation appears precisely once in the character expan-
sion. However, when baryons get involved in the theory, this observation is slightly
modified. We propose selection rules for the coefficients of the character expansion
of gWNSOWe) a5 follows:

e For Ny > N, the numbers located after the N .-th from the left are zeros, since
any product of M’s and B’s antisymmetrised on N. + 1 (or more) upper or
lower avour indices must vanish;

e The numbers located in the 15,274 ... (N, — 1)-th postitions from the left
are even, whereas the number in the N.-th position can be either even or odd.
The latter is due to the fact that the baryon transforms in the representation

0,0,...,1n..,0,...,0] of the SU(Ny) global symmetry.
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Hence, the character expansion of the generating function of any (Ny, N.) theory is

gW>NeSOWN) (45, INp-1) = Z 201,20, ..., 20N, _1,7n,,0,...,0] ¥,
ni,...,nN. >0
(3.2.30)
where b = QZj.Vzcl_ljnj +nn,Ne . For Ny = N, this formula goes through and has
the form
ng:Nc(t; AT 7ZNC—1) = Z [2n1, ZTLQ, ceey 27’LNC_1] tb . (3231)

Nni,...,nN. 20

A non-trivial check of the general character expansion (3.2.30). We note
that the dimension of the representation [ay,...,a,—1] of SU(n) is given by the
formula (see, e.g., (15.17) of [19]):

dim [ay,...,a,1] = H

1<i<j<n

ai—l—...—i—a; +—Z
( )iz (3.2.32)
Jj—i

Applying this dimension formula to the representations in (3.2.30) for various (Ny, N.)
and summing the series into closed forms, we obtain the expressions which are in

agreement of the earlier results.

As an example for the B,, gauge group, let us consider (N; = 5, N. = 3) theory.
Using formula (3.2.32), we find that

1
4rsror 1t

(277,1 +1) (2n1 +2n9 +2) (2n1 +2n9o +TL3+3) (2n1 +2n2 +TL3+0+4) X

dim [2nq,2n9,n3,0] = X

(2n2+1)(2n2+n3+2)(2n2+nz+0+3)x

(n3+1)(n3+0+2)x

(0+1) .
Replacing the representation in (3.2.30) with this expression and summing over
ni,ne, N3, Ny, we recover the expression

2 3 4 5, 46
(1 —=16)12(14t)°

As an example for the D,, gauge group, let us consider (Ny = 5, N, = 4) theory. We

9

have the dimension formula

dim [2n4, 2n9, 2ng, ny] = X

1
4! 3! 21 1!
(2n141)(2n14+2n2+2)(2n14+2n242n3+43) (2n1+2n2+n3+na+4) X
(2n2+1)(2n2+2n3+2)(2n2+2n3+n4+3) x
(2n3+1)(2n3+na+2) x

(n4+1) .
Replacing the representation in (3.2.30) with this expression and summing over
ny, Mg, N3, Ny, We recover the expression
Gsow)py _ LHE O+ 0+
(1 . t2)14

9
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3.2.5 Counting Basic Generators of Gauge Invariants and Syzygies: the
Plethystic Logarithm

We will use the plethystic logarithm to deduce the number of generators and
constraints at each order of quarks and antiquarks from the generating function [21,
22]. We recall the expression for the plethystic logarithm, PL, the inverse function
to PE, is

: — (k) .
pL[g(Nf,SO(N ))<t1> oty Z ’ log(g (N7, SO(N ))(t’f, o ,t’fvf)) ; (3.2.33)
k=1

where p(k) is the Mébius function. The significance of the series expansion of the
plethystic logarithm is stated in [21, 22]: the first terms with plus sign give the basic
generators while the first terms with the minus sign give the constraints between
these basic generators. If the formula (3.2.33) is an infinite series of terms with
plus and minus signs, then the moduli space is not a complete intersection and the
constraints in the chiral ring are not trivially generated by relations between the
basic generators, but receive stepwise corrections at higher degree. These are the
so-called higher syzygies. We shall demonstrate these facts below.

The case of N, = 3.

PL[Q(Q’SO(?’))(t)] — 3t2

PL[g®59G)(t)] = 6t + t3 — 0

PL[g*S9@) (#)] = 10£2 + 4¢3 — 4t5 10¢5 + 15¢% 4+ 20° + . .. |
PL[g(®%9G))(1)] = 15t% 4 1013 — 241> — 55t0 + 15¢7 + 225t8 + 330t9 +...,
PL[g(6S00) (¢)] = 2142 + 203 — 841> — 21015 + 120t" + 1575¢% + 2604t9 +...,
PL[g("SO0) (1)] = 2812 + 35t% — 224t> — 630t° + 5407 + 7350t° + 13720t9

PLIg® 5O ()] = 3¢2

PL[g(S,SO(4))<t)] — 6t2

PL[g*50W)(1)] = 101&2 + ¢t — 8

PL[g®>%0®)(1)] = 15¢% + 5t* — 5 — 1565 + 24¢10 4+ 30612 + ... |
PL[g(6SOM)(¢)] = 2142 + 15t* — 35t5 — 99¢% 4 504410 + 245¢12 + ... |
PL[g("SOM)(1)] = 2812 + 35t* — 140t° — 441¢% 4 4620¢'° — 13302 4. .. |
PL[g®5O0™)(¢)] = 36t + 70t* — 420¢° — 1540t% + 27300¢1° — 32150t12 + ... |
PL[g*50M)(¢)] = 45t2 + 126t* — 1050t° — 4536t° 4 121464¢'° — 267765t'2 +
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The case of N, = 5.

PL[g** O (#)] = 3¢%

PL[g* O (#)] = 6t ,

PL[g“590D(1)] = 10,

PL[g®SO0G) ()] = 1562 +1° — 10 |

PL[g¢SO90G) ()] = 2142 + 6t° — 6¢7 — 2110 4 3512 — 1561 + 70615 — 210417 + ... |
PL[g("59G) (1)] = 28t% 4 21> — 487 4 28° — 231¢1° 4 980¢12 — 16684 + ... |
PL[g®SO0) ()] = 3612 + 56t> — 216t + 280t7 — 1596t° — 12061 + 11760612 + ... |
PL[g@S96) ()] = 45t% + 126t° — 7207 + 1540t" — 8001¢'° — 1440t + . ..

(3.2.34)

Character expansion of the plethystic logarithm. We emphasise that co-
efficients in plethystic logarithmic series are dimensions of representations of the
SU(Ny) global symmetry. It is therefore possible to calculate character expansions
of plethystic logarithms in a similar fashion to those of generating functions. How-
ever, since we are interested in basic generators and basic constraints, only first few
terms are significant for our purposes. Consider an example of PL [9(9’50(4))(151»)}.
The character expansion is

PL [¢@9®W)(t; 2, ..., z)] = [2,0,0,0,0,0,0,0]£* + [0,0,0, 1,0,0,0, 0]¢*
—[1,0,0,0,1,0,0,0]t° — (Sym?[0,0,0,1,0,0,0,0] — [2,0,0,0,0,1,0,0]) t*+ ... .
(3.2.35)

For the basic generators of the GIOs, the coefficient of #? indicates that there are
mesons at order 2 and the coefficient of ¢* indicates that there are baryons at order
4. For the basic constraints, the coefficient of ¢ suggests that there is a relation
between the basic generators at order 6 given by (3.2.6) and the symmetric square
in the coefficient of t* suggests that there is also a relation at order 8 given by
(3.2.7). However, we can see that this relation at order 8 receives a correction
—[2,0,0,0,0,1,0,0], which results from the product between the generator at order
t2 and the relation at order t°. This correction is the first in an infinite tower of
relations that will not be dealt with here. Note that for the general SO(N.) theory,
such a product is at order N. + 4, and so we see that such a correction at order 8
occurs only when N. = 4 but not for other values of N.,.
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3.3 Sp(NV.) SQCD with N; flavours

Let us consider an Sp(N,) gauge theory® with N; flavours of matter in the fundamen-
tal 2N, dimensional representation. In the same way as before, we shall specify such
a theory by (Ny, Sp(IV.)). Since the number of fundamentals must be even according
to [16], we take our matter content to be the quarks @, with supermultiplet index
i =1,...,2Ny and colour index @ = 1,...,2N,.. Thus, there is a total of 4N Ny
chiral degrees of freedom from the quarks. Their quantum numbers are summarised
in Table 3.2. For reviews on this theory see, e.g., [3, 4, 7].

Gauge symmetry Global symmetry
Sp(Ne) SU(2N;) U()s U
Q: [1,0,...,0] [1,0,...,0] 1 W

Table 3.2. The gauge and global symmetries of Sp(N.) SQCD with Ny flavours and the
quantum numbers of the chiral supermultiplets.

3.3.1 The Ny < N, Theories

At a generic point in the classical moduli space, the Sp(N.) gauge symmetry is broken
to Sp(N. — Ny). Since the dimension of Sp(N) is N(2N + 1), there are

N.(2N, + 1) — (N, — Ny)(2N. — 2Ny + 1) = 4NNy — 2N} + Ny
broken generators. Therefore, of the original 4N.N; chiral supermultiplets, only
AN Ny — [AN:N; — 2N} + Ng| = Ny(2N; — 1)
singlets are left massless. Hence, the dimension of the moduli space of vacua is
dim (M, <n,) = Ny(2N; — 1) . (3.3.1)

We can describe these light degrees of freedom in a gauge invariant way by the
mesons:

MY = QLQlJ® (meson) , (3.3.2)

where the matrix J = 1y, ® i09 is an invariant of Sp(N.). We emphasise that the
indices ¢ and j are antisymmetric. Therefore, the meson transforms in the global
SU(Ny) representation A? [1,0,...,0] =[0,1,...,0]. We note that for the N; < N,
theory, there are no relations (constraints) between mesons. Phrasing this geometri-
cally, and noting the dimension from (3.3.1), we have that

3We shall use the notation where the rank of Sp(n) is n and Sp(1) is isomorphic to SU(2). This
is in agreement with the notation of [7].
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Observation 3.3.1. The classical moduli space My, <n, 1is freely generated: there

are no relations among the generators. The space My, <y, 1is, in fact, nothing but
CNr(@2Np=1)

Using the plethystic programme, we can immediately write down the generating
function of GIOs for Ny < N, as

1
(1 — tQ)Nf(Qfol) :
(3.3.3)
We emphasise that this formula does not depend on the number of colours N,.. This

gNr=Ne(t) = PE [*dim [0, 1,...,0]] = PE [N;(2N; — 1)¢*] =

expression is simply the Hilbert series for CN/ZNs=1)  with weight 2 for each meson.

3.3.2 The Ny > N, Theories

At a generic point in the moduli space, the Sp(N.) gauge symmetry is broken com-
pletely and hence the number of remaining massless chiral supermultiplets (i.e. the
dimension of the moduli space) is given by

dim (My,>n.) = 4NyN. — N.(2N, + 1) . (3.3.4)

These light degrees of freedom can be parametrised by the mesons given by (3.3.2).
We refer to a discussion in [7] that there is no baryon, since the invariant tensor
€®1%2Ne decomposes into sums of products of the J% and so baryons break up into
mesons. There is also a basic constraint between mesons due to the fact that any
product of Ms antisymmetrised on 2N, + 1 (or more) upper or lower flavour indices
vanishes:

fMi”'QMi?’i‘1 ... MNe+12Net2 — ) (3.3.5)

€iy..ian

The meson and the constraint (3.3.5) transform respectively in the global SU(2Ny)

representations [0,1,...,0] and [0,...,0, lan.42.2,0,...,0] . They are respectively
(2];7f ) and (;VJCV _{2) dimensional.

Although the moduli space My,~n, is not freely generated, the special case
Ny = N, + 1 has a special property:

Observation 3.3.2. The moduli space My =N, 41 is a complete intersection and is,
2N +1)(Net1)

in fact, a single hypersurface in C .

This is because the number of the basic generators (which is (2N§+2) =2N?+3N.+
1 = (2N, + 1)(N. + 1)) minus the number of the basic constraints (which is 1) is
equal to the dimension of the moduli space (which is 2N? + 3N,.). Observation 3.3.2
allows us to immediately write down the generating function for the (N.+1, Sp(NN,))
theory by noting that there are (2N, + 1)(IN, + 1) mesonic generators of weight 2,
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subject to a relation of weight 2Vet?

gt LS N (1) = (1 — 2N t2) PE [#? dim(0, 1,0,...,0]]

(1= *M*) PE [(2N, + 1) (N, + 1)¢]
1 — $2Ne+2

(1 — £2)@NeA (Ve 1)

R A e
- (1 _ 752)21\/3+3Nc

(3.3.6)

3.3.3 Character Expansions

Let us examine character expansions of generating functions of the Sp theory.

The Ny < N, theories. Consider the simplest example: Ny < N.. From (3.3.3),
the character expansion is

gV =Ne(t 2, 2, o1) = PE0,1,..,0)] = ) Sym*[0,1,0,...,01t% | (3.3.7)
k=0

where the second equality follows from the basic property of the plethystic expo-
nential which produces all possible symmetric products of the function on which it
acts. We emphasise that we have used the fully refined generating function which
is a function of 2Ny variables, and so this expression depends on 2Ny variables, not
just one variable t. We note the identity (c.f. (2.3.4) in Chapter 2)

Ny
Sym*[0,1,...,0 = Y [0,n2,0,n4,0,...,0,ny,2,0] & | k=) 2jny;
N1,y nngZO 7j=1
(3.3.8)
Therefore, we have the character expansion
Ny<Ne(y. _ a
g (t,Zl,...,Zng_l) = Z [0,n2,07n4,0,...,O,an_g,O] t s (339)

n1,~~~,n2Nf20
Ny o
where a = 37,7, 2jny; .

Character expansion of an arbitrary (N, Sp(NN.)) theory. From (3.3.7), we
see that the basic building block of the GIOs in the Sp theory is the irreducible
representation with 2 Young boxes which are antisymmetrised. Any other irreducible
representation is built out of this basic building block and, in fact, each of such an
irreducible representation appears precisely once in the character expansion. We
propose selection rules for the coefficients of the character expansion of g(Vs5P(Ne))

as follows:
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e Every number located in an odd position from the left is zero;

e For Ny > N, + 1, the numbers located after the 2/V.-th position from the left
are zeros, since any antisymmetrisation on 2N, + 1 (or more) flavour indices
yields a zero.

It follows that the character expansion for an arbitrary (Ny, Sp(IV,)) theory is

g(NﬁSP(NC))(t; 217"'7Z2Nf—1) = Z [07n2707n4707n6707‘"707n2Nc707'”70] tﬁ )
Nn2,M4,...,N2N, >0
(3.3.10)
where [ = Zjvzcl 2jny;. We note that for N, = 1, formula (3.3.10) becomes
gNO (20, e —1) = ) [0,Kk,0.., 0] £ (3.3.11)
k=0

Note that this is also a character expansion of the SU(2) SQCD with N flavour (see
formula (2.6.4) of Chapter 2). Such an agreement is to be expected because of an
isomorphism between Sp(1) and SU(2).

3.3.4 Plethystic Exponentials and Molien—Weyl Formula

Let us denote a basis for the dual space of the Cartan subalgebra by {L,, %‘;1.

We choose L,, = (0,...,0,1,,7,0,...,0), where the length of the tuple is N.. The
weights of the fundamental representation are {+L,,}. With this choice of L’s, we
find the character of the fundamental representation to be

N,
Sp(Ne - 1
Xy () = <zm +— . (3.3.12)

m=1 m

The roots of the Lie algebra of Sp(N.) are w = £L,, £ L,,. Therefore, the Haar
measure is given by

1 dz dz AL
dps NCZ-—j{ j{ — I-112")
/Sp(Nc) P (2i)Ne N 12N |z1]=1 2N =1 #1 ZNe 1:[ E l

(3.3.13)

where w; is the number in the [-th position of the root w. Similarly to the case of
the SO(N,) gauge group, we have

2N
) Sp(Ne
g(Nf7Sp(Nc)) — / dHSp(NC) PE X[f(() 7777 )O }(Zl) Z tz
Sp(Ne) i=1

Ne _w
B 1 f{ j{ dz; dzn IL, <1 —lli=14 l)
(QWi)NcNC!QNc 2] =1 x| =1 z1 ZN, Hfivlf chzl(l _ tZZm) (1 _ t_1>

Zm

(3.3.14)
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For reference, we shall list a few unrefined (i.e. ¢; =t for all i = 1,...,2Ny) gener-
ating functions for the Sp(2) SQCD. Using the residue theorem twice with the poles
at 0 and ¢, we find that

1
LSp2) () = ——
g ) =13
=1+ 4+t 4+ 5+ 8 4+4104 .
1
(2,5p(2)) (4) —
= 1+ 6t% 4 21" + 5615 + 126t° + 252610 + ... |
(3,59(2)) 1+ 41
g (t) = 14
(1—1?)

= 14 15t% 4 120t* + 679t° 4 3045¢% + 11508 + ... |
2 4 6 8 10 12
(4500 (3 — 1+ 6t2 + 21t +(128tt§231t + 610+t
= 1+ 28t% + 406t* + 40325 + 30744¢® 4+ 191736t'° + . .. |

(5,Sp(2))(t) _ 1+15¢2+120t+470t5+1065¢5+1377t'0+1065¢12 4470t +120£16 +15¢18 4420
(1_t2)30

= 1+ 45¢% + 1035t* 4+ 16005t° + 1862855 + 1739133¢1° + ... .
(3.3.15)

9

9

We note that these results are consistent with the character expansion (3.3.10). As
an example, let us consider the (2, Sp(2)) theory:

g®FO () = Y~ dim [0, g, 0] £

n2,n420
JF)(3,4:2:12) (1+¢2) 1
= = = 3.3.16

where the second equality follows from the dimension formula (2.3.18). As before,
we see that the method of summing dimensions of representations into a closed form
provides a non-trivial check of formula (3.3.10).

We can also make a similar proposition to Observation 3.2.3 that

Observation 3.3.3. The generating functions for the Ny > N, + 1 theory can be
written as
Nszc+1(t) Pk(t)

9

(1 — ¢2)tmMovpseve)

where Py(t) is a degree k polynomial such that Py(1) # 0 and dim My, spv.)) — k
is a constant for a given N.. This constant, which is N.(2N.+ 1), can be computed

from the case of Ny = N.+ 1, where the moduli space is a complete intersection,
using (3.3.2).
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3.3.5 Plethystic Logarithms

Recall that the plethystic logarithm of the generating function g¥+5P(Ne)) ig given
by
— u(k
PL[gMNs 5PN (4)] = Z “g{ ) log (gt SPNeD) (k) (3.3.17)

k=1
We emphasise again that the first terms with plus sign give the numbers of basic gen-
erators, whereas the first terms with the minus sign give the numbers of constraints
between these basic generators. If the formula (3.3.17) is an infinite series of terms
with plus and minus signs, then the moduli space is not a complete intersection. We
shall list a few results for the Sp(2) SQCD:

PL [g(l,Sp(2))(t>] =,

PL [9(27513(2))(25)] = 612 |

PL [¢®5P@D(1)] = 15t — 0,

PL [g"P@)(#)] = 28¢% — 28t° + 63° — 36t'0 — 37812 + 1728t + ... |,

PL [¢®5P®)(¢)] = 45¢ — 210t + 1155¢° — 2376t"° — 19800t + ... . (3.3.18)

Take an example of PL [¢47()(¢)]. We see that the term 28¢* indicates that there
are 28 basic generators (mesons) at the order of 2 quarks, and the term —28t5 indi-
cates that there are 28 basic constraints (given by (3.3.5)) at the order of 6 quarks.

Character expansion of the plethystic logarithm. We can make a character
expansion of the plethystic logarithm in a similar fashion as for the SO theory.
Consider an example of PL [¢**P(2)] The character expansion is

PL [¢WP@)(t; 21, ..., 27)] =[0,2,0,0,0,0,0]t* — [0,0,0,0,0,1,0]¢° +...(3.3.19)

The coefficient of ¢? indicates that there is one generator (meson) that transforms in
the 28 dimensional [0,2,0,0,0,0, 0] representation, and the coefficient of t° suggests
that there is one relation between the mesons at order 6, given by (3.3.5), that
transforms in the 28 dimensional [0, 0, 0,0, 0, 1, 0] representation.

3.4 An Orientifold Projection

Having the character expansion of the Hilbert Series for SQCD with all classical
gauge groups, we can now turn to study relations between different theories. One
natural relation arises from analogy to certain string theory backgrounds [33-35] that
include orientifolds [36, 37]. In such backgrounds it is rather common that the gauge
group reduces by a Zy projection from a unitary gauge group to a symplectic or an
orthogonal gauge group. We will now study the action of this Zy on the generators
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and relations of the Hilbert Series. Any string theory background which embeds
the Sp and SO gauge groups through an orientifold projection will have to act on
irreducible representations of the global symmetry in the way specified in this section.
We will henceforth refer to the Zs action as an orientifold action without specifying
the explicit brane or other construction.

We remind the reader that the quiver diagram of SQCD with the SU gauge
group (see Chapter 2) can be drawn as in Figure 3.1.

U(Nf)1

O

SU(N) U(N¢)2

Or

Figure 3.1. The quiver diagram of SU(N.) SQCD with Ny flavours. The red node
represents the SU(N.) gauge symmetry while the two square nodes denote the global
U(Ny) symmetries. Each node gives rise to a U(1) global symmetry, one of which is
redundant.

An orientifold action on the global symmetry. The U(Ny)., x U(Ny)g flavour
symmetry goes down to its diagonal U(Ny) subgroup for the case of SO gauge
group. For the Sp(N.) gauge theory, as a result of the vanishing superpotential,
the global symmetry further gets enhanced to U(2Ny). An antifundamental index
in the SU(N,) theory becomes a fundamental index due to the orientation reversal

in both SO(N,) and Sp([N,) theories.

An orientifold action on the quiver diagram. The orientifold action on the
quiver diagram is to fold it along the circular SU(N,) node, together with orientation
reversal of the arrow in the quiver. As a result the circular node becomes either SO
or Sp, depeppppnding on the projection, and the flavour symmetry either maps to
itself for the case of SO gauge group or is enhanced as stated above for the case of
Sp gauge group. The resulting quiver diagrams are shown in Figure 3.2.

An orientifold action on the basic generators. A discussion on a similar
problem is presented in [38]. The mesons which transform in the bifundamental
representation of SU(Ny), x SU(Ny)gr are projected down in two steps: Firstly,
the antifundamental index is turned into a fundamental index, and secondly, the
resulting representation gets respectively symmetrised and antisymmetrised in the
SO(N,) and Sp(N,.) theories. In the SO(N,.) theory, the baryon and antibaryon get
identifed by the orientifold projection and inherit the irreducible representation from
the embedding of U(Ny) inside U(Ny) x U(N¢). On the other hand, in the Sp(N.)

theory, a baryon breaks up into a product of mesons and stops being a generator
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U(2Ny)

Figure 3.2.

U(Ny)

Left diagram: Sp(N.) SQCD with Ny flavours as a quiver theory. The

circular node represents the Sp(N,.) gauge symmetry, while the square node denotes the
global U(2Ny) symmetries. Right diagram: SO(N.) SQCD with N; flavours as a quiver
theory. The circular node represents the SO(N,) gauge symmetry, while the square node

denotes the global U(Ny) symmetries. In each of these cases: On the contrary to the
SU(N.) SQCD, although the square node give rise to a U(1) factor, the circular node does
not due to the orientifold projection.

of the chiral ring. We summarise these results in Table 3.3, and note that they are

consistent with the results obtained by direct computations in preceding sections.

SU(N,) SQCD | Sp(N.) SQCD | SO(N.) SQCD
Basic GIOs Representation of the global symmetry
SUN,)L < SU(Np) SU(2N)) SUN,)
Meson [1,0,...,0;0,...,0,1] [0,1,0,...,0] (2,0,...,0]
Baryon [0,0,...,1n..2,0,...,0;0,...,0] * 0,0,...,1n..2,0,...,0]
Antibaryon | [0,...,0;0,...,1n.5,0...,0] * oK
Table 3.3. The basic generators of GIOs for SU, Sp and SO SQCD and how they

transform under the global symmetries. In the above, * indicates that in the Sp theory

baryons and antibaryons are simply products of mesons and stop being generators, and

** indicates that the antibaryon gets identified with the baryon such that we have one

operator instead of two.

Using these observations, we can immediately write down Hilbert Series for the freely

generated moduli spaces in the Sp and SO theories starting from the one for SU

theory as follows:

PE [Sym?[1,0,...,0lsuwt*] = PE[[2,0,...,0lsuw,t?]

A

SO

PE [[1,0, ey O; 0, . ,O, 1]SU(Nf)L><SU(Nf)Rtt]

¥

PE [A%[1,0,...,0]suent?] =PE[[0,1,0,...,0lsuen)t?]

An orientifold action on the basic constraints.

As for the basic generators,

the projection occurs in two steps: The antifundamental index is first turned into a
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fundamental index, and the resulting symmetry then gets respectively symmetrised
and antisymmetrised in the SO(N.) and Sp(N.) theories. The results are sum-
marised in Table 3.4, and note that they agree with the results obtained by direct
computations in earlier sections

Type SU(N.) SQCD | Sp(N.) SQCD | SO(N.) SQCD
of Representation of the global symmetry
relations SU(Nf)L X SU(Nf)R SU(2Nf) SU(Nf)
BB= || lni 5 lvsr | f Sym®[ 1y, |
[ etz 5 lug]
MB=MB [ lonezr ]| [l Inetiz ]
Lz LNe+1)ir ]

Table 3.4. The basic constraints between GIOs for SU, Sp and SO SQCD and how they

transform under the global symmetries. Only non-zero components of representations are
presented. f indicates that in the Sp theory, the relation BB = M ... M provides us with
no new information, as a baryon is simply a product of mesons.

3.5 A Geometric Apercu

In Chapter 2 and the preceding sections, we have used the plethystic programme, the
Molien—Weyl formula and the character expansion technique, to construct generating
functions (Hilbert Series) which count GIOs in SQCD with any classical gauge group.
In the following, we use Hilbert Series to extract a number of useful geometrical
properties of moduli spaces. We note, en passant, that there have been a number

of studies of moduli spaces using techniques from computational algebraic geometry
[1, 39-42].

3.5.1 Palindromic Numerator

We have observed in many case studies before that the numerator of the unrefined*
generating function (Hilbert series) for SQCD is palindromic, i.e. it can be written
in the form of a degree k polynomial:

k

Pu(t) =) ant" (3.5.1)

n=0

4 Although refined generating functions can be used for deducing geometrical properties of the
moduli space, it is more convenient to use unrefined ones. The former are more useful for deriving
of character expansions.
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with symmetric coefficients a;_,, = a,. A trivial modification of the rigorous proof
given in Section 2.5.3 for the SU(N.) SQCD tells us that this palindromic property
holds in general for the SO and Sp SQCD:

Theorem 3.5.1. Let Py(t) be a numerator of the unrefined generating function
(Hilbert series) gNrSOWe) () or gWNrSP(N) (1) and suppose that Py(1) # 0. Then,
Py(t) is palindromic.

3.5.2 The SQCD Moduli Space of Vacua Is Calabi-Yau

Similar situations were encountered in Chapter 2. Due to a well-known theorem in
commutative algebra called the Hochster—-Roberts theorem (Theorem 2.4.12), our
coordinate rings of the moduli space are Cohen—-Macaulay. Therefore, as an imme-
diate consequence of Theorem 3.5.1 and the Stanley theorem (Theorem 2.4.13), the
chiral rings are also algebraically Gorenstein. Since an affine Gorenstein variety is,
by definition, affine Calabi—Yau, we reach an important conclusion that Mx, n,) is,
in fact, an affine Calabi-Yau cone over a weighted projective variety. In brief,

Theorem 3.5.2. The moduli spaces of the SO(N,) and Sp(N,.) theories are Calabi-
Yau’.
3.5.3 The SQCD Moduli Space of Vacua Is Irreducible

We start this subsection by noting that the irreducibility of moduli spaces is certainly
not a feature of generic gauge theories. However, similarly to Chapter 2, we find that

Conjecture 3.5.3. The classical moduli spaces of SQCD with SO and Sp gauge
groups are irreducible for all Ny and N..

Similarly to Chapter 2, the moduli space (in the absense of a superpotential)
of SQCD can be described by a symplectic quotient:

Cc"//G =C"/Ge (3.5.2)

where n = NyN,, 4NN, for G = SO(N.), Sp(N.) and G° denotes their complexifi-
cations, G¢ = SO(N,, C), Sp(N,,C). Since C" is irreducible and G is a continuous

group, we expect the resulting quotient to be also irreducible.
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N =2 Gauge Theories in Four
Dimensions
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Chapter 4

The Moduli Space of One
Instanton on R*

4.1 Introduction

Yang-Mills Instantons [1] have attracted great interest from both physicists and
mathematicians since their discovery in 1975. They have served as a powerful tool in
studying a number of physical and mathematical problems, ranging from the Yang-
Mills vacuum structure (e.g., [2-4]) to the classification of four-manifolds [5].

A method for constructing a self-dual Yang-Mills instanton solution on R* is
due to Atiyah, Drinfeld, Hitchin and Manin (ADHM) [6] in 1978. The ADHM
construction is known for the classical gauge groups, SU(N), SO(N) and Sp(N)
(see, e.g., [T-11] for explicit constructions); there is no known such construction,
however, for the exceptional groups. The space of all solutions to the self-dual Yang-
Mills equation modulo gauge transformations, in a given winding sector k£ and gauge
group G is said to be the moduli space of k G-instantons on R*. In 1994-1996,
Douglas and Witten [24-27] discovered that the ADHM construction can be realised
in string theory. In particular, the moduli space of instantons on R* is identical
to the Higgs branch of supersymmetric gauge theories on a system of Dp-D(p + 4)
branes (see, e.g., [12] for a review).! These theories are quiver gauge theories with 8
supercharges (N = 2 supersymmetry in (3+ 1) dimensions for p = 3). In Section 4.3,
we present the AV = 2 quiver diagram of each theory as well as provide a prescription
for writing down the corresponding N/ = 1 quiver diagram and the superpotential.
The Hilbert series of the one instanton moduli space is easily computed using the
ADHM construction for classical gauge groups and is written in a form that provides
a natural conjectured generalization for exceptional gauge groups (even though the

'The Higgs branch of D3 branes near E,, type 7 branes is the moduli space of E,, instantons.
Since there is no known Lagrangian for this class of theories, it is not clear how to compute the
ADHM analog.
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ADHM construction does not exist for the latter).

In addition to the ADHM construction, there exists an alternative description
of the moduli space of instantons for simply laced (A, D and E) groups via three
dimensional mirror symmetry [13]. This symmetry exchanges the Coulomb branch
and the Higgs branch, and therefore maps the Coulomb branch of the ADFE quiver
gauge theories to moduli spaces of instantons. On the contrary to Higgs branch, one
expects the Coulomb branch to receive many non-perturbative quantum corrections.
As argued in [13], quantum effects correct the Coulomb branch to be the moduli space
of one AD E-instanton, with the point at the origin corresponding to an instanton
of zero size.? Nevertheless, due to such quantum corrections, this description of the
instanton moduli space is not useful for exact computations using Hilbert series.

In the last section of this chapter, exceptional groups are considered, and checks
that the Hilbert Series above predicts the correct dimension of the moduli space. In
the case of E, it is known [14, 15] that N' = 2 CFTs realise the moduli space of
one F, instanton. We use Argyres-Seiberg S-dualities in N = 2 supersymmetric
gauge theories [16-22] to match the Hilbert series of the theories on both sides of the
duality, providing a consistency check.

4.2 Hilbert Series for One-Instanton Moduli Spaces on C?

We are interested in computing the partition function that counts holomorphic func-
tions (Hilbert series) on the moduli space of k G-instantons on C?, were G is a gauge
group of finite rank r. It is well known that this moduli space has quaternionic
dimension khg where hg is the dual Coxeter number of the gauge group G. In this
chapter, we focus on the case of a single instanton moduli space. The moduli space is
reducible into a trivial C? component, physically corresponding to the position of the
instanton in C2, and the remaining irreducible component of quaternionic dimension
he — 1. Henceforth, we shall call this component the coherent component or the
wrreducible component. The Hilbert series for the coherent component takes the form

g& (G, ) = > X[Ra(R)]* (4.2.1)
k=0

where Rg(k) is a series of representations of G and x[R] is the character of the
representation R. The fugacities x; (with ¢ = 1,...,7) are conjugate to the charges
of each holomorphic function under the Cartan subalgebra of G. The moduli space
of instantons is a non-compact hyperKéahler space, and so there are infinitely many

2The Coulomb branch of the gauge theory with quiver diagram G (where G is A, D or E) and
all ranks multiplied by k is khg — 1 quaternionic dimensional [13], where h¢ is the dual coxeter
number of G. This precisely agrees with the fact that the coherent component (eliminating the
translation on R*) of the one G-instanton moduli space is hg — 1 quaternionic dimensional.
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holomorphic functions which are graded by degrees d. Setting 1 = ... =z, =1, we
obtain the (finite) number of holomorphic functions of degree d.

The main result of this chapter is the following:
The representation Rg(k) is the irreducible representation Adj*

where Adj* denotes the irreducible representation whose Dynkin labels are 6;, = k0,
with 6 the highest root of G.*> By convention Rg(0) is the trivial, one-dimensional,
representation (this corresponds to the space being connected), and Rg(1) is the
adjoint representation.

In the case of classical gauge groups A,, B,,C,, D,, it is possible to directly
verify the above statement by explicit counting of the chiral operators on the Higgs
branch of a certain N' = 2 supersymmetric gauge theory with a one dimensional
Coulomb branch and a A,, ..., D, global symmetry. The specific gauge theory can
be derived in string theory by a simple system of Dp branes which probe a background
of D(p + 4) branes in Type II theories. The moduli space of k G-instantons on C? is
identified with the Higgs branch of the gauge theory living on the £ Dp branes. The
gauge group GG, which is interpreted as a global symmetry on the world volume of the
Dp branes, lives on the D(p + 4) branes and can be chosen to be any of the classical
gauge groups by an appropriate choice of a background with or without an orientifold
plane. The gauge theory living on the Dp branes is a simple quiver gauge theory
and is discussed in detail in Section 4.3. The F and D term equations for the Higgs
branch of these theories coincides with the ADHM construction of the moduli space
of instantons for classical gauge groups. Unfortunately, such a simple construction
is not available for exceptional groups and other methods need to be applied. It is
therefore not possible to explicitly compute the Hilbert series for exceptional groups
and the main statement of this chapter is a conjecture for these cases. This conjecture
is subject to a collection of tests which are presented in Section 4.5.

An example of D,. An explicit counting of chiral operators in the well known
N = 2 supersymmetric gauge theory of SU(2) with 4 flavours (see Section 4.3.3 for
details), gives the Hilbert series for the coherent component of the one Dy = SO(8)
instanton moduli space (omitting the trivial component C?) :

9B (21, To, 3, 74) = Z [0, k,0,0]p,t%, (4.2.2)
k=0

3For the A, series 0, = [k,0,...,0,k], for the B,, and D,, series 6}, = [0,k,0,...,0], for the C,,
series 6, = [2k,0,...,0], for Es 0, = [0,%,0,0,0,0], for G2 6, = [0, k], for all other exceptional
groups 0y = [k,0,...,0].
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Setting these fugacities y; to 1, we get the unrefined Hilbert series:

gin(t) = dim|0,k,0,0] p,t*
k=0
(14 ¢2)(1 + 176 + 48t* + 1710 4 ¢8)
(1 _ t2)10
=1+ 28 +300t" + ... . (4.2.3)

An explicit expression for the dimension of each such representation is given by

dim (0. £.0,0], = (k+1)(k+ 2)3(k4—£23(,))3(k +4)(2k +5) . (4.2.4)

Notice that summing the series we get a closed formula with a pole of order 10 at
t = 1. This means that the space is 10-complex dimensional, and is in agreement
with the fact that the non-trivial component of the one-instanton moduli space for
D, has quaternionic dimension 5 (the dual Coxeter number hp, = 6).

In general, summing up the unrefined Hilbert series for any group G gives
rational functions of the form

Po(t?)

ge'(t) = —@)e (4.2.5)

where Pg(z) is a palindromic polinomial of degree hg — 1.

A dimension formula for Adj*. Formula (4.2.4) can be generalised to any clas-
sical and exceptional group. Defining

((1+a)h/2—b—1+k:)

_ k
Gaplh, k) = ((17a)h/2+b71+k) g (4.2.6)
k
the dimension of the Adj* representation is given by
2k+h—1
dim Adj* = Gy (hy k) Gup(hy k)Gar_o(hy k) o P =2 (4.2.7)

h—1

where (a, b, h) are given in Table 4.2.4

4Formula (4.2.7) generalises the Proposition 1.1 of [23]

3c+2k+5 (k+2kc+3) (k+50}€/2+3) (k+3kc+4)

3¢c+5 (k+c£2+l) (k+;+1) ’

dim Adj* =

which gives the results for Ay, As, Go, Dy, Fy, Eg, E7 and Eg if we use ¢ = %hg - 2.

101



Lie group Dynkin label | Dual coxeter | (a,b) N = 2 gauge theory
of Adj* number
A, =SUMn+1) | [kO0,...,0 k| n+1 (1,1) Quiver diagram 4.6
By>3=8S02n+1) | [0,k,0,...,0] 2n —1 (1,2) Quiver diagram 4.8
Cr>2 = Sp(n) 2k, 0,...,0] n+1 (1,1/2) Quiver diagram 4.10
Dy>4 = SO(2n) [0,k,0,...,0] 2n — 2 (1,2) Quiver diagram 4.8
E¢ [0,%,0,0,0,0] 12 (1/3,0) | 3 Mb5s on 3-punctured sphere
Erg [k,0,...,0] 18,30 (1/3,0) || 4,6 Mb5s on 3-punctured sphere
Fy [k, 0,0,0] 9 (1/3,0)
Go [0, k] 4 (1/3,0)

Table 4.1. Useful information on classical and exceptional groups. The last column
indicates the AN/ = 2 gauge theories, for which the Higgs branch is identified with the
corresponding moduli space of instantons on R*.

4.3 Gauge Theories on Dp-D(p + 4) Brane Systems

The moduli space of instantons is known to be the Higgs branch of certain super-
symmetric gauge theories [25-27]. For classical gauge groups there is an explicit
construction, while for exceptional gauge groups there is a puzzle on how to explic-
itly write it down. Below we recall the string theory embedding of the gauge theories
for classical gauge groups as worldvolume theories of Dp branes in backgrounds of
D(p+4) branes and summarize the gauge theory data for these theories. It is perhaps
convenient to take p = 3, so that the worldvolume theories have N = 2 supersym-
metry in (3 + 1) dimensions. The presence of these branes breaks space-time into
R x C? x C. There is a U(2) symmetry that acts on the C? and acts as an R sym-
metry on the different supermultiplets in the theory. This symmetry is used below
to distinguish some of the gauge invariant operators.

The gauge theory on the D3 branes is most conveniently written in terms of
N = 2 quiver diagrams but for the purpose of computing the Hilbert series, it is
more convenient to work using an A/ = 1 notation. Section 4.3.1 summarizes the
basic rules of translating an N' = 2 quiver diagram to an N’ = 1 quiver diagram with
a superpotential.

4.3.1 Quiver diagrams

To write down a Lagrangian for a gauge theory with N = 2 supersymmetry it is
enough to specify the gauge group, transforming in a vector multiplet, and the mat-
ter fields, transforming in hyper multiplets. This can be simply summarized by a
quiver with 2 objects - nodes and lines but nevertheless has a two-fold ambiguity on
how to assign the objects. A traditional mathematical approach, first introduced to
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the string theory literature in [28], is to assign nodes to vector multiplets and lines
to hyper multiplets. This is the so called quiver diagram used below. The more
physically inspired approach [29], is to assign lines to vector multiplets and nodes to
hyper multiplets. This notation turns out to be more useful when the hyper multi-
plets carry more than two charges. On the other hand, to write down the Lagrangian
for a gauge theory with A/ = 1 supersymmetry the data which is needed consists
of 3 objects: the gauge group, the matter fields, and the interaction terms written
in the form of a superpotential. This can be summarized by an oriented quiver,
namely it has arrows which are absent in the N/ = 2 quiver, and is supplemented
by a superpotential W. A simple dictionary exists between the two formulations. It
goes as follows:

e A node in the NV = 2 quiver diagram becomes a node with an adjoint chiral
multiplet in the AN/ = 1 quiver diagram. This adjoint chiral multiplet comes
from the A/ = 2 vector multiplet which decomposes as a N' = 1 vector multiplet
and a N = 1 chiral multiplet. The map is shown in Figure 4.1.

Figure 4.1. A node in the ' = 2 quiver diagram (labelled (i)) becomes a node with an
adjoint chiral multiplet in the N' =1 quiver diagram (labelled (ii)).

(i) (i)

e A line in the N/ = 2 quiver diagram becomes a bi-directional line in the N' =1
quiver diagram. This is shown in Figure 4.2.

O O [ O——0 )

(i) (ii)

Figure 4.2. A line in the N' = 2 quiver diagram (labelled (i)) becomes a bi-directional
line in the /' = 1 quiver diagram (labelled (ii)).
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e The superpotential is given by the sum of contributions from all lines in the
N = 2 quiver diagram. Each line stretched between two nodes in the N' = 2
quiver diagram contributes two cubic superpotential terms. Let the two nodes
be labeled by 1 and 2. Associated with each node, there is an adjoint field
denoted respectively by ®; and ®,. A line connecting between two nodes
contains two N = 1 bi-fundamental chiral multiplets X;5 and X;. (The N =1
quiver diagram is drawn in Figure 4.3.) The corresponding superpotential term
is written as an adjoint valued mass term for the X fields:

Xop - Py - Xio — Xig - @y - Xy, (4.3.1)

This notation means as follows. Denote the rank of nodes 1 and 2 by r; and
ro respectively. then @1, $5, X5, Xo; can be chosen to be ry X r1,r9 X 19,17 X
r9, 9 X r1 matrices, respectively. The - corresponds to matrix multiplication
and an impiicit trace is assumed. Note that this is a schematic notation which
does not specify the index contraction whose details depend on the gauge and
flavour groups. As a special case, a line from one node to itself would naturally
produce a commutator.

<I)2 (Dl

Figure 4.3. An N = 1 quiver diagram with the superpotential : Xo1-®1-X15—X12-®5- Xo;.

As an example, we give the N'= 2 and N’ = 1 quiver diagrams for the U(N)
N = 4 super Yang-Mills (SYM) respectively in Figure 4.4 and Figure 4.5.

Figure 4.4. The N = 2 quiver diagram for the N' = 4 SYM theory with gauge group
U(N). The loop around the U(N) gauge group denotes an adjoint hypermultiplet.
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Y

)

Figure 4.5. The NV = 1 quiver diagram of the N' = 4 SYM theory. The adjoint field ®
comes from the A/ = 2 vector multiplet, whereas the adjoint fields ¢1, ¢2 come from the
N = 2 adjoint hypermultiplet. The superpotential is W = Tr(¢1 - @ - g — o - ® - 1) =
Tr (‘I) . [¢1, ¢Q])

4.3.2 k SU(N) instantons on C?

With this quiver notation it is now very simple to write down the gauge theory living
on the world volume of £ D3 branes in the background of N D7 branes. In fact, the
brane system very naturally forms a quiver and we can just write down a dictionary
between the branes and the objects in the quiver. We will write down the theory
using A = 2 quivers and then translate it to A” = 1 quivers. First, the gauge theory
on k D3 branes is the well known AN = 4 supersymmetric theory with gauge group
U(k) depicted in Figure 4.4. The D7 branes are heavier and therefore give rise to a
global U(N) symmetry on the worldvolume of the D3 branes. As discussed below,
the global U(1) of U(N) may be absorbed into the local U(1) of U(k); therefore
global SU(N) symmetry is represented by a square node with index N. Finally
strings stretched between the D3 branes and the D7 branes are represented by a line
connecting the circular node to the square node. The resulting quiver is depicted in
Figure 4.6.

It is now straightforward to apply the rules of Section 4.3.1 to write down
the N' = 1 quiver diagram which is depicted in Figure 4.7 and its corresponding
superpotential. To write down the superpotential we need explicit notation for the
quiver fields and the line between the circular node and the square node corresponds
to two chiral fields denoted by @) and @ Putting this together, W takes the form

W= Xo1-®- X15+ (¢(1) N RRIQREACRE ¢(1))
= X9 - D Xpo + 6aﬂ¢(a) .P - ¢(ﬁ) _ (4.3.2)

Note that the rules for writing the quiver imply the existence of another term coming
from the adjoint in the vector multiplet of the D7 branes. This term corresponds
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to an adjoint U(N) valued mass term for the bifundamental fields X5, X5;. In this
chapter we will not treat this mass term and set it to 0, even though it is interesting to
consider the effects of such a term. The adjoint fields are parametrizing the position
of the D3 branes in C?. Since there is a natural U(2), = SU(2), x U(1), symmetry
that acts on C?, the fields ¢; and ¢ transform as a doublet of SU(2), symmetry and
with charge 1 under U(1),. The superpotential should therefore be invariant under
SU(2), and carry charge 2 under U(1),.

SU(N) U(k)

Figure 4.6. The N = 2 quiver diagram for k SU(N) instantons on C?. The circular node
represents the U(k) gauge symmetry and the square node represents the SU(N) flavour
symmetry. The line connecting the SU(N) and U(k) groups denotes kN bi-fundamental
hypermultiplets, and the loop around the U(k) group denotes the adjoint hypermultiplet.

¢(1)

SU(N) (o)
T X12

¢(2)

Figure 4.7. Flower quiver; The N/ = 1 quiver diagram for k SU(N) instantons on C?
with the corresponding superpotential, W = X9 - ® - X195 + eaﬁqﬁ(a) - P - d)(m.

We list the charges and the representations under which the fields transform in
Table 4.2.

From Table 4.2, it can be seen that the U(1) of U(N) can be absorbed into
the local U(1) (e.g. by means of redefining the fugacity z/q). From the brane per-
spective, the vector multiplet of the local U(1) contains a scalar which parametrises
the position of the D3-brane in the directions transverse to the D7 branes. One can
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Field U(k) U(N) SU((2), | U(1),
SU(k) U(1) SU(N) U(1) | global | global
Fugacity: 2y ey 21 z x1, ,LN_1 q T t
P [1,0,...,0,1] 0 0,...,0] 0 [0] 0
AN [1,0,...,0,1] | © [0,...,0] 0 1] 1
X9 [1,0,...,0] 1 [0,...,0,1] -1 [0] 1
X0 [0,0,...,0,1] | —1 [1,0...,0] 1 [0] 1
Tr 0,...,0] 0 0,...,0] 0 [0] 0
Tr oM, Tr ¢ [0,...,0] 0 [0,...,0] 0 1] 1

Table 4.2. The charges and the representations under which various fields transform. The
fugacites of each field are assigned according to this table. The U(2), global symmetry
acts on o) and ¢@). It is the symmetry group of C2, the trivial component in the moduli
space.

set the origin of these directions to be at the CoM of the D7-branes and thereby
eliminate the corresponding background U(1) vector multiplet.

Let us compute the quaternionic dimension of the Higgs branch. From the
N = 2 quiver diagram, the line connecting the SU(N) and U(k) groups denotes kN
hypermultiplets, and the loop around the U(k) group denotes k* hypermultiplets.
Hence, we have in total kN +k? quarternionic degrees of freedom. On a generic point
on the Higgs branch, the gauge group U(k) is completely broken and hence there
are k2 broken generators. As a result of the Higgs mechanism, the vector multiplet
gains k? degrees of freedom and becomes massive. Hence, the (kN + k?) — k? = kN
quarternionic degrees of freedom are left massless. Thus, the Higgs branch is kN
quaternionic dimensional or 2kN complex dimensional:

dime MR8 = 2kN = 2kh . (4.3.3)

This agrees with the dual coxeter number of SU(N) which is hgyny = N.

From the brane perspective, the VEV of the scalar ® correspond to the position
of the D3-branes along the directions transverse to the D7-branes. On the Higgs
branch, the gauge fields become massive freezing the whole vector multiplet and
hence (@) = 0, setting the D3 branes to lie within the D7 branes and possibly form
bound states. The hypermultiplets acquire non-zero VEVs at a generic point on the
Higgs branch that parametrize all possible bound states of D3 and D7 branes. From
the point of view of the D7 brane gauge theory, the D3 branes are interpreted as
instantons and hence, the moduli space of classical instantons on C? is identified with
the Higgs branch of the quiver theory [25].
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One SU(N) instanton: k =1

The gauge theory for 1 SU(N) instanton on C? is particularly simple and lives on
the world volume of 1 D3 brane, k = 1. The gauge group is U(1) and the adjoints
D, ¢y, o are simply complex numbers, and hence the second term of (4.3.2) vanishes,

W = Xy - @ Xy (4.3.4)

The Higgs branch. On the Higgs branch, & = 0 and X5 - X5; = 0. The space of
F-term solutions (which we will call the F-flat space and denote by F?) is obviously a
complete intersection. Using (4.3.3) the dimension of the moduli space is 2N. On the
other hand there are 2N bifundamental fields X715, X9; and 2 ¢’s which are subject to
1 relation. This gives an F-flat moduli space which is 2NV + 1 dimensional and after
imposing the D-term equations we get a 2N dimensional moduli space, as expected.
The F-flat Hilbert series can be written down according to Table 4.3 as®

b tz
91?:1,]\7(75, Ti,...,TN-1,7T,(, Z) = (1 - tQ)PE [[1]SU(2)gt + [1; 0,... 7O]SU(N)E
lq
+[0,0,...,0, 1]SU(N);} . (4.3.5)

Note that the first term in the square bracket corresponds to ¢ and ¢®, the second
term corresponds to Xio and the third term correspond to X5, and the factor in
front of the PE corresponds to the relation.

Notice from (4.3.5) that the U(1) of U(/N) can in fact be absorbed into the
local U(1). This can be seen by redefining the fugacity for the local U(1) as

w =

z
. 4.3.6
. (4.3.6)
and rewrite

g,f:bLN(t, Ti1y...,TN_1,7, w) = (1 — tQ)PE [[1]SU(2)gt + [1, 0,... ,O]SU(N)t’LU

+0,0,...,0, 1]SU(N)£] . (4.3.7)
The right hand side can explicitly be written as a rational function:
(1_t2)x(1—t$;(1—£)x(1—th) 1— twl N — e
z 1 ( :cN_l) k=2 ka_l)
X L . (4.3.8)

N-1 T
(1) (= ) IRS 0 - 5755

5The plethystic exponential (PE) of a multi-variable function g(¢1,...,t,) that vanishes at the
origin, ¢(0,...,0) = 0, is defined to be PE[g(t1,...,t,)] := exp (Ziil M) The reader is
referred to Chapters 2, 3 and [30-32] for more details.
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The Hilbert series. Now we project (4.3.8) onto the gauge invariant subrepresen-
tation by performing an integration over the U(1) gauge group®. The Hilbert series

of the Higgs branch is therefore given by
. 1 dw &
Higgs F
Gmin (21, TN, ) = 5 j{wll ?gk:LN(t, Ty .., TN_1,T,w) . (4.3.9)
Using the residue theorem on (4.3.8), where the poles are located at’

1 T Tn—
w=t—, t—, N2 ey, (4.3.10)
Ty T2 TN-1

we can write the Hilbert series in terms of representations as

Hi 1

iggs 2k
t,01,...,TN-1,T) = E k,0,...,0,klspmwnt™(4.3.11

91@71,1\1( 1 N-1,T) (1— tz) (1 %) 2 0[ s (N) ( )

The factor indicates the Hilbert series for the complex plane C2?, whose

symmetry is U(2), (with the fugacities ¢, ). This space C? is parametrised by ¢!)
and ¢ and corresponds to the position of the D3-brane inside the D7-branes. The
second factor corresponds to the coherent component of the one SU(N) instanton
moduli space. Unrefining by setting zy = ... = xy_; = z = 1, we obtain
D > G R

(1—1t)2 (1 — ¢2)2(N-1)

The order of the pole t = 1 is 2N, and hence the dimension of the Higgs branch is
2N, in accordance with (4.3.3). Note that (4.3.12) can also be derived directly from

g (1, 1) = (4.3.12)

(4.3.9) as follows. Setting z; = ... =2xy_; =2 =1 in (4.3.9), we obtain
Higgs -1 f{ dw 1
t,1,...,1) = ——5— — . 4.3.1
Gemtv (b1 1) (1—=1)22mi Jypmy w (I —tw)N(1—L)N (43.13)

The contribution to the integral comes from the pole at w = ¢, which is of order V.
Using the residue theorem, we find that

(1—2) | Qv [ N
(=02 (N = DidwV [(1 —tw)N]w:t (4.3.14)

Using Leibniz’s rule for differentiation, we thus arrive at (4.3.12).

Higgs
Gemin(t 1, 1) =

The plethystic logarithm can be written as
PL[g 2885 (t, 71, .. ov-1,2)] = [sve,t + [1,0,...,0,suont* — ([0,1,0,...,0,1,0] +
[1,0,..,0, 1]+ 10, .., 0D gppy t' + - - - (4.3.15)
Hence, the generators are Tr ¢"), Tr ¢ at order ¢ and the adjoints [1,0,...,0,1] of

SU(N) at the order 2. The basic relations transform in the SU () representation
0,1,0,...,0,1,0] + [1,0,...,0,1] + [0, ...,0].

6This is called the Molien- Weyl integral formula (see e.g., Chapters 2, 3 and [31, 32]).
"Note that [t| < 1 and only poles located inside the unit circle |w| =1 are included.
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4.3.3 k SO(N) instantons on C?

As pointed out in [27], the moduli space of k¥ SO(N) instantons can be realised on
a system of & D3-branes with N half D7-branes on top of an O7~ orientifold plane.
(If the number of branes is odd, the combination of half D7 brane stuck on the

O7~ plane form an orientifold plane which is called o7 plane.) The brane picture
is similar to the one described in the previous subsection and therefore the quiver
looks the same. We only need to figure out the action of the orientifold plane on the
different objects in the quiver. All together, there are 4 objects in Figure 4.6.

e The gauge group on the D7 branes is projected to SO(N). This is a global
symmetry for the gauge theory on the D3 branes. N = 2 supersymmetry
restricts the gauge theory on the D3 branes to be Sp(k). Hence,

e The gauge group on the D3 branes is projected down to Sp(k).
e The bi-fundamental fields become bi-fundamentals of SO(N) x Sp(k).

e The loop around the U(k) gauge group undergoes a Zy projection which leaves
two options - the second rank symmetric or antisymmetric representation of
Sp(k). To find which one, we notice that only the anti-symmetric represen-
tation is reducible into a singlet plus the rest. Since the center of mass of
the instanton is physically decoupled from the rest of the moduli space, we
conclude that the projection is to the antisymmetric representation.

The resulting N' = 2 quiver diagram is depicted in Figure 4.8.

Using the rules of Section 4.3.1 it is easy to find the N' = 1 quiver diagram
given in Figure 4.9 and the superpotential,

W=Q S -Q+(A-S-Ay—Ay-S-A))
=Q-5 - Q+epAa-5-Ap, (4.3.16)

where we have suppressed the contractions over the gauge indices by the tensor J®
(an invariant tensor of Sp(k)) and the contractions over the flavour indices by d;; (an
invariant tensor of SO(N)). The epsilon tensor €,5 in the second line is an invariant
tensor of the global SU(2) symmetry which interchanges A; and A,. The mass term
for () coming from the adjoint of SO(N) is set to 0.

Let us compute the quaternionic dimension of the Higgs branch. From the N =
2 quiver diagram, the lines connecting the SO(N) and Sp(k) groups denotes 2kN
half-hypermultiplets (equivalently, kN hypermultiplets), and the loop around the
Sp(k) group gives k(2k — 1) hypermultiplets. Hence, we have in total kN + k(2k — 1)
quarternionic degrees of freedom. On the Higgs branch, Sp(k) is completely broken
and hence there are k(2k+ 1) broken generators. As a result of the Higgs mechanism,
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SO(N) Sp(k) A

Figure 4.8. The N' = 2 quiver diagram for & SO(N) instantons on C2. The circular
node represents the Sp(k) gauge symmetry and the square node represents the SO(N)
flavour symmetry. The line connecting the SO(N) and Sp(k) groups denotes 2kN half-
hypermultiplets, and the loop around the Sp(k) gauge group denotes a hypermultiplet
transforming in the (reducible) second rank antisymmetric tensor.

SO(N) Sp(k) S

O

Az

Figure 4.9. The V' = 1 quiver diagram for k SO(N) instantons on C2. The chiral multiplet
transforming in the second rank symmetric tensor (adjoint field) of Sp(k) is denoted by S
and the second rank antisymmetric tensors are denoted by Ay, As. The superpotential is

given by W =0Q -5 -Q +eypAa-S-Ag.

the vector multiplet gains k(2k+1) degrees of freedom and becomes massive. Hence,
the kN + k(2k — 1) — k(2k + 1) = k(N — 2) degrees of freedom are left massless.
Thus, the Higgs branch is k(N — 2) quaternionic dimensional or 2k(N — 2) complex
dimensional:

dime MR8 = 2k(N — 2) = 2khsow) - (4.3.17)

Note that hgony = N — 2 is the dual coxeter number of the SO(N) group.

The charges and the representations under which the fields transform are given
in Table 4.3 [38].
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Field Sp(k) SO(N) SU(2), | U(1),
Fugacity: 21y ey 2k T1,. .., T|NJ2) T t
S 2.0,...,0] 0,....0] 0] 0
Ay, A [0,1,0,...,0]+0,...,0] 0,...,0] 1] 1
Q [1,0,...,0] [1,0,...,0] 0] 1

Table 4.3. The charges and the representations under which various fields transform. The
fugacites of each field are assigned according to this table.

One SO(N) instanton on C%: k=1

In the special case k = 1, the gauge group is Sp(1) = SU(2) and the superpotential
(4.3.16) becomes

Wit = €?eQ0 5, Qy - (4.3.18)

The Higgs branch. The Higgs branch is given by the F-term conditions: S = 0
and Q'Qi + QiQ! = 0, and the D-term condition. The Hilbert series of the F-flat
moduli space is

2

b t
g (t 2,1, ... L TINJ2,T) = (1 — t2) (1 — ;) (1 — t2z2) PE [[1]5[](2)915

1
+[1,0,..., 0somt (z + ;) ] . (4.3.19)

We note that the relation transforms in the representation [2] of Sp(1) and that the
F-flat moduli space is a complete intersection of dimension 2 + 2N — 3 = 2N — 1.
Noting that the characters of the fundamental representations of B, = SO(2n + 1)
and D,, = SO(2n) respectively are

1.0, 0, () = 3 (:13 + i) , (4.3.20)

we can write down (4.3.19) as a rational functional function
42
i-#
1—tx)(1—t/z)
<1 . ﬁ) (1 — 1222)

(1=t TTomy (1 — tzaa) (1 — 2)(1 = Lza)(1 — o)
(4.3.21)

b
g]: (ta Zy L1y 7x’rL7x)Bn,Dn == (
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where § = 1 for B,, and 6 = 0 for D,,.

Performing the Molien-Weyl integral over the gauge group Sp(1), we obtain
the Higgs branch Hilbert series as

) 1 1 — 22 b

Higgs _ F

g & (t,x, ..., T, T)B, D, = o dz . g (t,z,x1,...,00,%)B, D,
|z|=1

1 o0
= 0,k,0,...,0 t2%(4.3.22
(1 —t$)(1 —t/x) X k:o[ y vy Uy ) ]Bn,Dn (4 )

where the contributions to the integral come from the poles:

t
z=twy, ...ty —, ..., — . (4.3.23)
T Tn

The factor m is the Hilbert series for C* (whose symmetry is U(2),)
and is parametrised by the singlets in A, As; this corresponds to the position of
the D3-brane inside the D7-branes. The second factor corresponds to the coherent
component of the one SO(N) instanton moduli space.

Example: N =8. The expression (4.3.19) can be written as a rational function:

(1) (1-5)a-r)

X 4.3.24
=170 [0 -t - - )i — =) 2
The poles which contribute to the Molien-Weyl integral (4.3.22) are
t t
Z2=tx, ... Ty, —, ., — . (4.3.25)
T Ty
The integral (4.3.22) gives
. 1 >
Higes (. = 0,k,0,0]s0()t*" . (4.3.26
g (wrla 73:471") (1—75117)(1—15/[17) ngo[ s vy Uy ]SO(S) ( )
Unrefining by setting x1 = ... = 24 =z = 1, we obtain
. 1 1+t%) (1 + 176 + 48t + 17t0 + ¢
gl 1,1,1,1,1) = g WHOICH TP B T (4.7
(I—1) (1—¢)

Observe that the pole at ¢t = 1 is of order 12, and so the Higgs branch is indeed 12
dimensional, in agreement with (4.3.17). The plethystic logarithm is

PL [gHiggS<t7 L1, T2, X3, X4, .T)} = [1]SU(2)gt + [07 ]-7 07 O]SO(S)t2 - ([27 07 07 O] + [07 07 27 0]
+[0,0,0,2] +[0,0,0,0))so@)t* + ... , (4.3.28)

indicating that the relations are invariant under the triality of SO(8).
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4.3.4 k Sp(N) instantons on C?

As pointed out in [25], the moduli space of & Sp(IN) instantons can be realised on
a system of k D3-branes with N D7-branes on top of an O7" orientifold plane.
As a result, the gauge group is projected to SO(k), ® and the scalar in the vector
multiplet becomes an antisymmetric tensor, denoted by A,, (where the SO(k) gauge
indices take values a,b = 1,..., k). The adjoint hypermultiplet becomes a symmetric
tensor, as it is the reducible second rank tensor of SO(k), and is denoted by two chiral
multiplets S; and Ss. Since representations of the SO(k) group are real, the flavour
symmetry is Sp(N) and we have 2kN half-hypermultiplets. We denote the complex
scalar in each half-hypermultiplet as @, (where the Sp(NN) flavour indices take values
i,j=1,...,2N).

The N = 2 and N = 1 quiver diagrams are given respectively in Figure 4.10
and Figure 4.11. The N = 1 superpotential is

W=0Q A-Q+(S1-A-S—5-A-5))
=Q - A-Q+epSa-A-Ss, (4.3.29)

where we have suppressed the contractions over the flavour indices by the tensor J;;
(an invariant tensor of Sp(NN)) and the contractions over the gauge indices by §%° (an
invariant tensor of SO(k)). The epsilon tensor €,4 in the second line is an invariant
tensor of the global SU(2) symmetry which interchanges S; and S;. The mass term
transforming in the adjoint of Sp(N) is set to 0.

Sp(N) O(k) S

Figure 4.10. The A/ = 2 quiver diagram for k Sp(N) instantons on C2. The circular
node represents the O(k) gauge symmetry and the square node represents the Sp(NN)
flavour symmetry. The line connecting the Sp(N) and O(k) groups denotes 2kN half-
hypermultiplets, and the loop around the O(k) group denotes the second rank (reducible)
symmetric tensor.

8For k = 1 we take the convention that SO(1) is Z. For higher values of k, the computations
in this chapter do not distinguish between a gauge group O(k) and a gauge group SO(k) and hence
this Zo ambiguity is ignored.

114



O

Sp(N) Ok) A

S

Figure 4.11. The N = 1 quiver (flower) diagram for k Sp(N) instantons on C2, with A
being an antisymmetric tensor (adjoint field) and S7, S2 being symmetric tensors of Sp(k).
The superpotential is W = Q - A-Q + €435+ - A - S3.

Let us compute the quaternionic dimension of the Higgs branch. From the
N = 2 quiver diagram, the lines connecting the Sp(N) and O(k) groups denotes
2kN half-hypermultiplets (equivalently, kN hypermultiplets), and the loop around
the O(k) group gives 1k(k+1) hypermultiplets. Hence, we have in total kN+3k(k+1)
degrees of freedom. On the Higgs branch, we assume that O(k) is completely broken
and hence there are %k(k— 1) broken generators. As a result of the Higgs mechanism,
the vector multiplet gains %k(k — 1) degrees of freedom and becomes massive. Hence,
the [kN + 1k(k +1)] — $k(k — 1) = k(N + 1) degrees of freedom are left massless.
Thus, the Higgs branch is k(N + 1) quaternionic dimensional or 2k(N + 1) complex
dimensional:

dime M5 = 2k(N + 1) = 2khsy) (4.3.30)

where hgpny = N + 1 is the dual coxeter number of the Sp(/N) gauge group.

We list the charges and the representations under which the fields transform in
Table 4.4.

One Sp(N) instanton on C?: k=1

For k = 1, the gauge group becomes O(1) = Z,. Recall that we have 2N hypermul-
tiplets Q* and two gauge singlets S; and Sy. It is then easy to see that the moduli
space in this case is

M = CN 7y x C? (4.3.31)

where the factor C? is parametrised by S; and S;, the C?V is parametrised by Q,
and the orbifold action Z, is —1 on each coordinate of C*V. Observe that M %5
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Field SO(k) Sp(N) SU(2), global | U(1) global
Fugacity: 2y ey 2k T1,. .., TN/2) T t
A 0,1,....0] 0,...,0] 0] 0
S1, 52 [2,0,...,0] 4+ 0,...,0] 0,...,0] 1] 1
Q [1,0,...,0] [1,0,...,0] 0] 1

Table 4.4. The charges and the representations under which various fields transform. The
fugacites of each field are assigned according to this table.

is 2(N + 1) complex dimensional, in accordance with (4.3.30). Physically, the C?
The coherent
component of the one Sp(N) instanton moduli space is therefore C*V /Z,.

corresponds to the position (4 real coordinates) of the instanton.

One can see the last statement clearly from the Hilbert series. The Hilbert
series of C?V /Z, is given by the discrete Molien formula (see, e.g., [30]):

1
g(t,z1,. .., o5 C*N /7)) = 3 (PE[[1,0,...,0lspmt] + PE[[1,0,...,0]spn)(—t)])
=) [2k,0,..., 0%, (4.3.32)
k=0
where the plethystic exponential can be written explicitly as
PE [[1,0,...,0]3“1\/)15} = —x ! = 3 [n,O,...,O]S (N)tn:
[l (1 —tza)(1 = t/2a) 7= ’

and the Zs acts on t by projecting to even powers. The last equality of (4.3.32)
follows from the fact that the plethystic exponential generates symmetrisation. This
is indeed the Hilbert series for the coherent component of the one Sp(V) instanton
moduli space. The choice of x, in this formula is not the natural choice of weights
in the representation but rather a linear combination of weights which is convenient
for writing this particular formula.

4.4 N = 2 Supersymmetric SU(N.) Gauge Theory with N
Flavours

This section deals with the computation of the Hilbert series for the Higgs branch
of the N' = 2 SU(N.) supersymmetric gauge theory with N; flavours. It serves
as a preparation for the discussion in Section 4.5, were the results will be used in
checking Argyres-Seiberg duality. The global symmetry of this theory is U(Ny) =
U(1l)p x SU(Ny) and since it plays a crucial role on the Higgs branch this theory
will sometimes be called the U(Ny) theory. The special case of N, =2 and Ny =4
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is discussed in Section 4.3.3 and is revisited below. The N = 2 quiver diagram for
this theory is depicted in Figure 4.12.

U(Ns) @

Figure 4.12. N = 2 quiver diagram for SU(N,) gauge theory with N; flavours.

The N = 1 quiver diagram is depicted in Figure 4.13 and the superpotential
after setting the masses to 0 is given by

W=Q ¢-Q, (4.4.1)

giving the F-term equations on the Higgs branch, ¢ = 0 and Q@ = 0, where the last
equation has only N2 — 1 equations and not N2. The trace meson @ - ) need not
vanish.

U(Ny)

QO O

Figure 4.13. N = 1 quiver diagram for SU(N.) gauge theory with Ny flavours. The
superpotential is W =Q - ¢ - Q.

The Higgs branch of this theory has a Hilbert series which is easy to write
down as an integral over the Haar measure of SU(N.). The reason for this lies
partly with supersymmetry and partly with the simplicity of the gauge and matter
content. We first argue that the F-flat moduli space is a complete intersection. Since
the quaternionic dimension of the Higgs branch is N.N; — (N2 — 1), the complex
dimension of the F-flat moduli space is expected to be N? — 1 higher than this
one. Adding these together, we get that the complex dimension of the F-flat moduli
space is 2N.N; — (N2 — 1). On the other hand, these are precisely the number of
degrees of freedom. There are 2N, N; complex variables which are subject to N — 1
equations on the Higgs branch. We therefore conclude that the F-flat moduli space
is a complete intersection and its Hilbert series can be written as a ratio of two
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plethystic exponentials,

»  PE[[1,0,...,0ls0)[0, -, 0, suvpts + 10, .., 0, suny (1,0, . .., 0] sy, tz]
INeNy = PE [[1,0,. -0, Usrnt?] !
(4.4.2)
where t; = tb and t, = t/b are respectively the global U(1) fugacities for Q and Q
and b is the fugacity for the baryonic symmetry U(1)p. The Higgs branch is given
by integrating this Hilbert series using the SU(N.) Haar measue,

iggs b

4.4.1 The case of N, =3 and N; =6

In this subsection, we focus on the N' = 2 supersymmetric SU(3) gauge theory with
6 flavours.

From (4.4.2), the F-flat Hilbert series after setting all U(6) fugacities to 1 can
be written as

2 t2 2 1222 t2 1222
) () (- () (1)

f
INc=3,Ny=6 = 6 6 6 6 )
(1 — t21)% (1 — t25)° (1 . il) (1 . %) (1 _ L;) (1 _ Lf)
(4.4.4)
where z; and 29 are the SU(3) fugacities. The Haar measure for SU(3) is
aed, 2, B0 () (-)
d = : j[ — — (1 ==z - — -1,
/ HSUG) (27”)2 lz1]=1 *1 J|zg|=1 *2 ( ! 2) 29 21
(4.4.5)
After integrating over z; and z,, we obtain the Hilbert series:”
iggs P(t)
gJI\{/Cg:gg,Nfﬁ(t) = (4.4.6)

(1 _ t)20(1 + t)lﬁ(l +t+ t2)10 ’
where the numerator P(t) is a palindromic polynomial of degree 36:

P(t) = 1+ 6t + 41t* + 206t* + 900t* + 3326t° + 10846t° + 31100¢™ 4 79677t* +
+183232t° + 381347t + 720592t + 1242416t"* + 1959850 +
+2837034¢' + 3774494t + 46240096 4 5220406t'7 + 543598218
+ ... (palindrome) ...+ % . (4.4.7)

9In using the residue theorem, the non-trivial contributions to the first integral over z; come
from the poles z; = t, tzo, and the non-trivial contributions to the second integral over zo come
from the poles zo = t, t2.
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Note that the space is 20 = 2(3 - 6 — 8) complex-dimensional, as expected. The first
few orders of the power expansion of (4.4.6) reads

IneES Ny =6(t) = 1+ 3687 + 40 + 630¢* + 11206° + ... . (4.4.8)
The plethystic logarithm is
PL [g]%ifj;,vfzﬁ(t)] — 3612 + 405 — 3661 — 32065 — 43565+ ... . (4.4.9)
The fully refined Hilbert series. In fact, one can obtain the fully refined Hilbert
series directly from (4.4.2) and (4.4.3). The result can be written as a power series
Higgs

IN.3 N —6(l1s 23 T1, T2, T3, Ty, T5) =

oo o0

1 X -
n1+2n2+3n3y ni+2n2+3n
T 20 D0 DT D ey s 410)

n1=0mn9=0mn3=0ns4=0

where z1, ..., x5 are the SU(6) fugacities.
The plethystic logarithm of (4.4.10) is

PL N5 x, (1, t2i 21, @2, 23,20, 75) | = ([0,0,0,0,0] + [1,0,0,0,1])tat2 +
0,0,1,0,0](8 +t3) — ([0,0,0,0,0] +[1,0,0,0, 1)t2¢5 + ... , (4.4.11)
where the gauge invariant operators in the representation [0,0,0,0,0] + [1,0,0,0, 1]
of SU(6) can be identified as mesons (see (4.4.17)) and the operators in the rep-

resentation [0,0,1,0,0] of SU(6) can be identified as baryons and antibaryons (see
(4.4.18)).

4.4.2 Generalisation to the case N; = 2N,

The formula (4.4.16) can be generalised to the case Ny = 2N,. Let us first consider
the simplest case of: Ny = 2N, = 4, discussed in Section 4.3.3.

The N, =2 and N; = 4 case. From (4.3.26), the Hilbert series of the coherent
component of the Higgs branch is

Higgs . .
gNC:27Nf:4(tJ xr1,T2,T3, :E4> -

M8

[07 ka 07 O]SO(S)t2k ) (4412)

i

0

The branching rule of the representation [0, k, 0, 0] of SO(8) to the subgroup SU(4) x
U(1)p is given by

[0,k,0,0]s0(8) = Z [n1, n2 + 13, ma]sp@b™™ "0 (k — ny — ng — ng — ng)

(4.4.13)
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or equivalently the decomposition identity

oo o oo

- 1
2k 2n9—2n3 42n1+2n2+2n,

n1=0n9=0 nz= 0

(4.4.14)

where b is the fugacity of U(1)p. Substituting (4.4.13) into (4.4.12), we obtain

00 00 00
Higgs . AN E : 2 : 2 : 2n14+2n24+2n3-+2n4 1202 —2n0
ch:Q’Nf:4(t7x17x27x37b> - [n17n2+n37n1]t ! 2 3 4b 2 3
1=0n9=0n3=0
00

1 o0 o0

= Z Z ni, No +n3,n1]t?1+2"2t"1+2n3
11—ttty

n1=0n2=0n3=0

(4.4.15)
where in the last line we take ¢; = tb and ¢ty = tb~!.

Generalisation. From (4.4.10) and (4.4.15), we conjecture that the Hilbert series
for the Higgs branch of the SU(N.) gauge theory with Ny = 2N, flavours can be
written in terms of SU(2N,) representations as

Higgs . o 1
9n;=2N, (t1,to;21,. .., Xan,—1) = X
1—t1ts
d+Ncnp, ,d+Nenn,. 41
E (M1, M2y o N1, N, F RNt 1y N1y - - -y oy Mg T ety e
MY 5oy ’VZNC+1>0
(4.4.16)

where d = Z]kvizl kny. This formula can be checked by plugging in the dimensions of
the representations, one finds that the Higgs branch is 2(N?+1) complex dimensional,
as expected. Note the similarity between (4.4.16) and the Hilbert series of N' =1
SQCD (see (2.6.1) of Chapter 2); however, they are not identical — the moduli space
of N'=1SQCD with Ny > N, is 2N.N;—(N2—1) complex dimensional, whereas the
moduli space of the ' = 2 gauge theory is 2N.N; —2(N2? — 1) complex dimensional.

The plethystic logarithm of (4.4.16) indicates that:
e At the order tity, there are gauge invariants transforming in the representa-

tion [0,...,0] 4+ [1,0,...,0,1] of SU(Ny) and carrying U(1)p charge 0 These
operators are mesons:

=QLQe , (4.4.17)

wherea=1,...,Noand i,j =1,..., Ny.
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e At the order )¢ and 3, there are gauge invariants transforming in the rep-
resentation [0,...,0,1,0,...0] of SU(Ny) and carrying U(1)p charges N, and
—N,. These operators are respectively baryons and antibaryons:

Bi1,...,iNc — 6(11...(),]\]6 71 ’iNc
al """ an,

Bil,...,iNc = Eal...aNCQZl e Q?;\;;c . (4418)

These generators are indeed identical to those of the N/ = 1 SQCD. Hence, they
satisfy the relations given by (2.3.11) and (2.3.12) of Chapter 2:

(+B)B = #(M") ,
M-«B=M-+«B=0. (4.4.19)
where (xB)iy ., ..in

with a lower flavour index. In addition, the F-terms impose further relations. These
are given by (2.23) and (2.24) of [33]:

= %eil_“mf Bi+ive and a ‘" denotes a contraction of an upper
A

M -B=B-M =0,
M-M =0, (4.4.20)

where

(M')s = M — Ni(Tr M)é . (4.4.21)

4.5 Exceptional Groups and Argyres-Seiberg Dualities

In this section, we consider the Hilbert series of a single G instanton on R* where G
is one of the 5 exceptional groups. It is shown that the conjecture is consistent with
the dimension of the instanton moduli space, by explicitly summing the unrefined
Hilbert series. In the cases of Fg and E7, we also check that the proposed Hilbert
Series are consistent with Argyres-Seiberg dualities found in [16-22]. Only for the
case of Fjg, we are able to carry out a full all-order check. In the case of E;, we just
match the lower dimension BPS operators. Notice that the check for BPS operators
of scaling dimension 2 is equivalent to the check that the symmetries on both sides
of the duality are the same. This is because BPS operators of scaling dimension 2
are in the same super multiplet of the flavour currents.

Notation: In this section, when there is no ambiguity, we denote special uni-
tary (SU) groups in the quiver diagrams by their ranks. Each U(1) global sym-
metry is associated with a hypermultiplet and hence each solid line connecting two
nodes represents a U(1) global symmetry. The dashed lines are not associated with
bi-fundamental hypermultiplets and do not correspond to U(1) global symmetries.
Square nodes with an index 1 do not count as a U(1) global symmetry.
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4.5.1 Eg

The Hilbert series of one Fg-instanton on R?* is given by (4.2.1):

Irr

gtz ... m6) = Y [0,k,0,0,0,0%. (4.5.1)

NE

>
Il

0

By setting the Fg fugacities to 1, this equation can be resumed and written in the
form of (4.2.5):

P (t)
Irr /g, _ E
9E6<t717~'71) = (1_67>22, (452)
where
P, (t) = (1 +t*)(1 + 55¢% + 890t* + 5886t° + 17929t* + 26060¢'° +
. (palindrome) ...+ %) . (4.5.3)

This confirms that the complex dimension of the moduli space is 2hp, — 2 = 22,
where hg, = 12 is the dual Coxeter number of Ey.

Duality between the 6 —e —2—1 quiver theory and the SU(3) gauge theory
with 6 flavours

As discussed in [19], the strongly interacting SCFT with Eg flavour symmetry can
be realised as 3 Mb5-branes wrapping a sphere with 3 punctures. These punctures
are of the maximal type, each one is associated to SU(3) global symmetry. The
global symmetry SU(3)3 enhances to Fg. This theory is also known as the Ty theory
[14, 15, 19, 20] and is denoted by the left picture of Figure 4.14. There is no known
Lagrangian description for this theory.

The Eg theory is denoted by a ‘quiver diagram’ which is analogous to those in
previous sections. This is given in the right picture of Figure 4.14. The red blob
denotes a theory with an unknown Lagrangian. The Eg global symmetry is indicated
in the square node. Below it is demonstrated that even though the Lagrangian is
not known, it is still possible to make statements about the spectrum of operators
for this theory.

The Eg theory can be used to construct a quiver gauge theory called the 6 —e —
2—1 theory, depicted in Figure 4.18. This theory is proposed by Argyres and Seiberg
[16] to be dual to an SU(3) gauge theory with 6 flavours, whose quiver diagram is
shown in Figure 4.16. The appearance of the tail in Figure 4.15 seems to be a generic
feature of these dualities and follows from the splitting of branes when ending on the
same brane - see Figure 20 of [29].

Let us summarise a construction of the 6 — e —2 — 1 quiver theory. The global
symmetry Eg can be decomposed into the subgroup SU(2) x SU(6). The SU(2)
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SU@3) ‘

Ts ~—— SUQ)

SU3) Eg

Figure 4.14. Left: The Eg theory arising from 3 M5-branes wrapping a sphere with 3
maximal punctures, each is associated to SU(3) global symmetry. The SU(3)3 symmetry
enhances to Eg. Right: The quiver diagram representing the Eg theory. The red blob
denotes a theory with an unknown Lagrangian description. The Eg global symmetry is
indicated in the square node.

symmetry is gauged and is coupled to the 2 — 1 tail, as depicted in Figure 4.15. The
resulting theory is the the 6 — e —2 — 1 quiver theory. The U(1) global symmetry
is associated with the solid line in the quiver diagram. The global symmetry is thus
SU(6) x U(1) = U(6).

Note that a necessary condition for two theories to be dual is that they have
the same global symmetry. Indeed, both of the 6 — e — 2 — 1 quiver theory and
the SU(3) gauge theory with 6 flavours have the same global symmetry U(6), even
though these symmetries arise from different sources in each case.

Figure 4.15. The 6—e—2—1 quiver theory: From the Eg theory, the global symmetry
Eg is decomposed into the subgroup SU(2) x SU(6). The SU(2) symmetry is gauged and
is coupled to the 2 — 1 tail. The U(1) global symmetry is associated with the solid line in
the quiver diagram. The flavour symmetry is SU(6) x U(1).

A branching rule for Eg to SU(2) x SU(6). To proceed, we first decompose the
FEs representations into representations of SU(2) x SU(6). For this it is useful to
introduce the fugacity map. The fugacities uy, us, ..., ug of Eg can be mapped to the
fugacities = of SU(2) and yy,...,ys of SU(6) as follows:

Uy = TYs, Uz = Y1Ys, Uz =Yz, Us=Yals, Us=Y3Ys, Us=Uys. (45.4)
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e o

Figure 4.16. The SU(3) gauge theory with 6 flavours. This theory is conjectured by

Argyres-Seiberg to be dual to the 6 — ¢ — 2 — 1 quiver theory.

Using this map, one can decompose the character of an Fy representation into the
characters of SU(2) x SU(6) representations. For example, if we denote a representa-
tion of SU(2) x SU(6) of highest weight m for SU(2) and highest weights n4, ..., ns
for SU(6) by [m;ni,...,ns|, then one finds that

[0,1,0,0,0,0],, = [0;1,0,0,0,1] + [1;0,0,1,0,0] + [2;0,0,0,0,0],

[0,2,0,0,0,0],, = [0;0,0,0,0,0] +[0;0,1,0,1,0] +[0;2,0,0,0,2] +
[1;0,0,1,0,0] + [1;1,0,1,0,1] + [2:1,0,0,0,1] +
2:0,0,2,0,0] +[3;0,0,1,0,0] + [4;0,0,0,0,0] .  (4.5.5)

These equalities can be checked by matching the characters of the representations
on both sides. The general formula for the decompositions of Adj* for any k is given
n (4.5.11).

The decompositions (4.5.5) can be written in terms of dimensions as

78 — (1,35) @ (2,20) @ (3,1)
2430 — (1,1) @ (1, 189) @ (1, 405) & (2,20) & (2, 540) & (3, 35) &
(3,175) @ (4,20) & (5,1) . (4.5.6)

Counting BPS operators of the SU(3) gauge theory with 6 flavours. In
what follows, starting from (4.5.1), we count BPS operators in the SU(3) gauge
theory with 6 flavours by computing the SU(2) gauge invariant spectrum. For now,
let us first do this order by order for the operators of small scaling dimensions. In
the later subsections, we present a method to count the operators to all orders.

e At level t?, we expect the 35 to survive, as it is an SU(2) singlet. Denote the
2 — 1 hypermultiplet in Figure 4.15 by ¢ and ¢. Set ¢ to have fugacity tb?
and ¢ to have fugacity ¢/b®, where the normalization 3 is chosen for matching
with the U(6) baryons. One can construct another SU(2) invariant which is
a singlet under SU(6), by forming ¢¢. We therefore expect the SU(3) theory
with 6 flavours to have 359 + 1o at order t?, where the subscript 0 refers to the
U(1)p baryonic charge. Indeed, in the SU(3) theory of Figure 4.16 these are
formed by the SU(3) mesons QQ that decompose as 35 + 1.
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e At level #3, the (2,20) coupled to ¢ or to G, leads to the SU(2) invariant oper-
ators which transform as 203 & 20_3. This contributes the term 20(b* 4 1/b%)¢3
to the U(6) Hilbert series.

o At level t* we have the singlets 1+189+405, and the 35 from order ¢ multiplied
by the SU(6)-singlet qg, for a total of 630 operators.

These are precisely the first few terms of the Hilbert series (4.4.8) of the Higgs Branch
of SU(3) theory with 6 flavours:

N N—g(t) = 1+ 362 + 20(6° + b~ + 630t + .. . (4.5.7)

Branching formula for Adj* of Egs to SU(2) x SU(6)

In this subsection, we carry out the decomposition of the Adj*-irreducible represen-
tations of Fg into SU(2) x SU(6) to all order in k. This gives a useful check of the
Argyres-Seiberg duality to all orders. The general form of the decomposition is as

follows:
2%k

[0,%,0,0,0,0]5, = Y _[m]suxCk, (4.5.8)

m=0
where C* is a reducible representation of SU(6). The sets of irreps of SU(6) entering
in C* is constructed starting by the representation sz, defined by:

L
R£>O:Z Z [Z,],k—l—p,],Z]

n=0 {+2j+3/2k=n

L
RY=>" > ki (4.5.9)

n=0 i+2j+3/2k=2n

L
REY =Y > [kl

n=0 §4+25+3/2k=2n+1

Notice that only SU(6)-irreps whose Dynkin labels are symmetric enter the sum,
and that RF contains an irreducible representation at most one time. The C* are
given in terms of the R. by

Chy = SR
7=0
Chy = > Ry (4.5.10)
7=0
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In C* the same irreducible representation can appear multiple times. Summing these
together we find the decomposition identity

(1=t [0,%,0,0,0,0] 5t (4.5.11)
k=0
= Z [nl + 2”2]S’U(2) [TL3, N4, Ny + 2715, N4, n3]SU(G)t2n1+2n2+2n3+4n4+6n5
ni,...,n5>0
+ Z [n1 + 2n9 + 1]3[](2) [ng, N4, Ny + 2n5 + 1, ny, ng]SU(g)t2n1+2n2+2n3+4n4+6n5+4.
ni,...,n5>0

Using these all order results, we can proceed to refine g (t) in (4.5.2) to a function
of z and t (denoted as gp!(z,t)), where z is the SU(2) fugacity.

The Hilbert series of the 6 — e — 2 — 1 quiver theory

As discussed earlier, the 6 — ¢ — 2 — 1 quiver theory can be obtained by first decom-
posing the Fg into SU(2) x SU(6), the SU(2) group is then gauged and is coupled
as in the 2 — 1 quiver. This process can also be described as a ‘sewing’ of two Rie-
mann surfaces - one with 3 maximal punctures (corresponding to Es) and the other
with two simple puctures (corresponding to U(2) x U(1)). The Hilbert series can be
computed in analogy to the AGT relation [34, 35] as follows:

96—.—2—1(15) = /dMSU(z)(Z) 9%;(7572) gglue(t,z) 92—1(15, b, Z) ) (4‘5-12)
where the Haar measure for SU(2) is given by
1 1— 22
d =—0d 4.5.13
/ Hsu(2) 5 % z > ) ( )

the Hilbert series for the bi-fundmentals connecting the SU(2) and U(1) nodes is

92_1(t, b, Z) = PE [[1]5(](2) (b3 + b_3) ﬂ
1
_ , 4.5.14
) (-2 ()
and the ‘gluing factor’ which keeps track of the 3 F-term relations that comes from
differentiating the superpotential by the adjoint chiral field of SU(2) is

1 2.2 2 t2
PE [2svt] (1—#2%) (1-#) (1 - ;) . (45.15)

The product of grnd(2,t) and ggue(z,t) can be written for b =1 as
(-2 -2 (1-5)
(1—1t2)%(1— £)2

Gaue(, 2) =

gglue(ty 2)92—1(ta 17 Z) =

= [t ) [n+ 1T 4 =2 [n]tt (4.5.16)
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If we restore the b dependence, this sum takes the form

gglue(ta Z>g271<t7 b7 Z) =

=) )"+ [n+1] (%)n 12 =) [P 4 b7 0) L (4.5.17)

From (4.5.12), one sees that the integral is computed by summing over two
residues, one at z =t and one at z = t2. For z = t, the residue is a rational function
with denominator (1 —¢)2'(1+¢+¢%)?!. For z = t?, the residue is a rational function

with denominator (1—¢)*'(1+¢)'(14¢2)37(1+¢+¢*)?'. Summing these two residues

gives precisely the unrefined Hilbert series g%ig:g; Ny—6(t) of (4.4.6).

For the refined Hilbert series, it is better to exchange the integral in (4.5.12)
with the sums and use the orthonormality relation

2miz

dz(1 — 22
7{ -2 >[n] (m] = Spm (4.5.18)
|z|=1
to confirm that the fully refined Hilbert series coincides with (4.4.10).

4.5.2
The Hilbert series of one E-instanton on R? is given by (4.2.1):
gty we,27) = Y [£,0,0,0,0,0,006, (4.5.19)
k=0

By setting the F; fugacities to 1, this equation can be resumed and written in the
form of (4.2.5):

Pg.(t)
Irr /g, _ E
gE7(t’17"‘71> = (]_:W s (4520)

where the numerator is a palindromic polynomial of degree 17 in #2,

Pg,(t) = 14 99t* 4 3410t* 4 56617t° + 521917¢* + 2889898¢'" + 10086066t +
22867856t 4 34289476t'% 4 ... (palindrome) ...+ t** . (4.5.21)

This is consistent with the fact that the Higgs branch is 2hp, — 2 = 34 complex
dimensional, where hp, = 18 is the dual Coxeter number of Ex.

Duality between the 6 — e —3 — 2 — 1 quiver theory and the 2 —4 — 6 quiver
theory

In [22], it was realised that the E; theory can be realised as 4 M5-branes wrapped
over a sphere with 3 punctures. The punctures are of the type SU(4), SU(4), SU(2).

127



This theory is depicted in the left picture of Figure 4.17. The Lagrangian description
of this theory is unknown.

We denote the E; theory by a ‘quiver diagram’ analogue to those in previous
sections. This is given in the right picture of Figure 4.17. The green blob denotes the
theory with unknown Lagrangian description. The E7; global symmetry is indicated

SU?2) ‘

1 SU®@)

in the square node.

E;

SU4)

Figure 4.17. Left: The E7 theory arising from 4 M5-branes wrapped over a sphere with
3 punctures of the type SU(4), SU(4), SU(2). Right: The quiver diagram representing
the E7 theory. The green blob denotes a theory with an unknown Lagrangian description.
The E~; global symmetry is indicated by the square node.

The E7 theory can be used to construct a quiver gauge theory called the 6 —
e —3—2—1 theory, depicted in Figure 4.18. The duality between this theory and the
2 —4 — 6 quiver theory (depicted in Figure 4.19) is proposed by [22]. Our purpose of
this section is to construct and match the Hilbert series of both sides of the duality.

Figure 4.18. The 6 — e — 3 — 2 — 1 quiver theory: The global symmetry E7 can be
decomposed into the subgroup SU(3) x SU(6). The SU(3) symmetry is gauged and is
coupled to the 3 —2 — 1 tail. The U(1) global symmetries are associated with the solid
lines in the quiver diagram. The global symmetry is thus SU(6) x U(1) x U(1).

Let us summarise a construction of the 6 — e — 3 — 2 — 1 quiver theory. The
global symmetry E7 can be decomposed into the subgroup SU(3)x.SU(6). The SU(3)
symmetry is gauged and is coupled to the 3 —2 — 1 tail, depicted in Figure 4.18. The
U(1) global symmetries are associated with the hypermultiplets and hence the solid
lines in the quiver diagram. The global symmetry is thus SU(6) x U(1) x U(1).
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A trick to obtain the 3—2—1 tail is to consider the SU(2) theory with 4 flavours,
whose flavour symmetry of is SO(8). The group SO(8) contains SU(4) x U(1) D
SU(3) x U(1) x U(1) as subgroups. Gauging the SU(3) group in SO(8) and gluing
it to the SU(3) group in E7, we obtain the 6 — ¢ —3 — 2 — 1 quiver theory.

On the other side of the duality, we have the 2 — 4 — 6 quiver theory, depicted
in Figure 4.19. The U(1) global symmetries are associated with the hypermultiplets
and hence the solid lines in the quiver diagram. Therefore, the flavour symmetry is
U6) xU(1) = SU(6) xU(1) x U(1), in agreement with that of the 6 —e —3 —2—1
quiver theory. From the quiver diagram, it is clear that the 2 — 4 — 6 quiver theory
can also be obtained by gauging the SU(2) subgroup of the U(8) flavour group of
the SU(4) gauge theory with 8 flavours.

Figure 4.19. The 2 — 4 — 6 quiver theory. This theory is dual to the 6 —e —3 —2—1
quiver theory.

The Hilbert series of the 2 — 4 — 6 quiver theory

In this subsection, the refined and unrefined Hilbert series are computed. The former
contains information about the global symmetries and how the gauge invariants
transform under such symmetries, whereas the latter contains information about the
dimension of the moduli space and the number of operators in the spectrum. In order
to compute an exact form of the refined Hilbert series, general formulas involving
branching rules need to be determined. However, such formulas can sometimes be
very cumbersome and difficult to compute; in which case, what one can do is to
compute the first few orders of the refined Hilbert series. Nevertheless, it may be
possible that the unrefined Hilbert series can be computed exactly. We give an
example below.

The 2 — 4 — 6 quiver theory can be obtained by gauging the SU(2) subgroup
of the U(8) flavour group of the SU(4) gauge theory with 8 flavours. The Hilbert
series written in terms of SU(8) representations is given by (4.4.16). We first discuss
a branching rule for SU(8) to U(1) x SU(2) x SU(6).

A branching rule for SU(8) to U(1) x SU(2) x SU(6). A map from the SU(8)
fugacities x1,...,x7 to the U(1) fugacity ¢, the SU(2) fugacity z and the SU(6)
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fugacities yy, ..., ys can be

1 = qYa, Tg = q2y2, I3 = qus, Ty = q4y4,
T5 = QS?/sa Te = (Iﬁ, T7 = CZ?’Z .

For example, we have

[1,0,0,0,0,0,0] = [0;1,0,0,0,0]q + [1;0,0,0,0,0]¢>
[1,0,0,0,0,0,1] = [0;0,0,0,0,0] + [2;0,0,0,0,0] + [1;0,0,0,0, 1]¢~*
+[1;1,0,0,0,0]¢* +[0;1,0,0,0,1] . (4.5.22)

Using this decomposition, the Hilbert series of the SU(4) theory with 8 flavours can
be written as

i 1
Higgs =1+(2+[2;0,0,0,0,0] +[1;0,0,0,0,1]— + [1;1,0,0,0, 0]q4

IN.=4,N;=8 Pz
3[1:0,0,0,0, 1
+[0;1,0,0,0,1))¢ + (4 +2[2;0,0,0,0,0] + [4;0,0,0,0,0] + %

q

3:0,0,0,0,1] | [2,0,0,0,0,2]  [0;0,0,0,1,0] , ¢*[0;0,0,0,1,0]

q4 q8 q8 b2
[1;0,0,1,0,0] [0;0,1,0,0,0]
b2 b2

+b2¢*[0;0,0,0,1,0] + +b2[1;0,0,1,0,0] +

b%(0;0,1,0,0,0]
+ 4
q
+3¢1;1,0,0,0,0] + ¢*[3;1,0,0,0,0] + 30 1,0,0,0, 1] + 2[2: 1,0,0,0, 1]
[1:1,0,0,0,2] [1:1,0,0,1,0]
+ 4 + 4
q
+[0;2,0,0,0, 2]>t4 o (4.5.23)

+¢%[0;0,1,0,0,0] + ¢*[1;0,1,0,0,1] +[0;0, 1,0, 1, 0]

+¢%[2;2,0,0,0,0] +¢*[1;2,0,0,0,1]

The refined Hilbert series of the 2 —4 — 6 theory. This can be computed by
gauging the SU(2) symmetry. The gauging is done by integrating over the SU(2)
Haar measure and Supersymmetry imposes additional adjoint valued F terms, which
are written below as the glue factor,

Gooas(t by, ., Ys) = / dpsu(2) Gave In, 2N, =s (4.5.24)

where the gluing factor is given by

1
PE [[2]sv)t?]

Jatue(t; 2) = =1— 224 [20t* -5 . (4.5.25)
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The integral in (4.5.24) projects out the SU(2) singlets. This gives

1
92—4—6(t;Q7 ba Y- - 795) =1+ (2 + [LO?O)O: 1])t2 + (3 + E[Oa 0707 170]

2 2
q 1 b
b—Q[o,o,o, 1,0] + b*¢*[0,0,0, 1,0] + W[O’ 1,0,0,0] + ?[O, 1,0,0,0]

—|—q4[0,1,0,0,0]+[O,1,0,1,O]—1—3[1,0,0,0,1]+[2,O,O,O,2]>t4+... .
(4.5.26)

+

The unrefined Hilbert series. The unrefined Hilbert series can be computed
exactly. Setting ¢ = b =1y, = ... = ys = 1 in (4.5.24), it can be easily seen that
the integrand is simply a rational function of ¢ and z. Evaluating the integral, one
obtains the closed form
P(t)
_4-¢(l) =
92-1-6(t) (1 —12)2(1 + 2)14

= 14 37t% + 792t* + 12180t° + 145838¢% + 1422490t + ... |

(4.5.27)

where

P(t) = 14 23t 4 351t* + 3773t° + 29904¢® 4 180648t'° + 855350t +
3243202t"* + 10014534t'° + 25512281t'® + 54163863t%° +
96566265t*% 4 145392195t** + 1855755561%° + 2012528161
+ ... (palindrome) ...+ ¢*°. (4.5.28)

The plethystic logarithm of this Hilbert series is

PL[go_4_6(t)] = 37t* + 89t* — 252t% — 2800¢% + 14720t'° + 1245242 + ... .
(4.5.29)

The Hilbert series of the 6 — e — 3 — 2 — 1 quiver theory

As described in Section 4.5.2, the 6 — e — 3 — 2 — 1 quiver theory can be obtained by
‘gluing’ the SU(3) subgroup of the E7 theory with the SU(3) subgroup of the SO(8)
flavor symmetry for SU(2) with 4 flavors. The Hilbert series of the latter, written in
terms of U(4) representations, is given in Equation (4.4.15). In order to gauge the
SU(3) subgroup, one needs to find a branching rule for SU(4) to U(1) x SU(3).

A branching rule for SU(4) to U(1) x SU(3). A map from the SU(4) fugacities
x1,...,x3 to the U(1) fugacity ¢ and the SU(3) fugacities 21, 2o can be
Z1 Z9 i

ry = —, To = —, xr3 =

> - (4.5.30)
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With this map, one can rewrite (4.4.15) in terms of SU(3) representations as

1 o [o.¢] [o.¢]
Higgs 2n1+2n2+2 2n90—2
9321 = 11— E E E (11,19 4 ng, Ny | gu(ayt ™ TR pER TS

n1=0 ng*U n3*0

2(n1+n2) (1 _ b4(1+n1+n2))

T B B ML e

n1=0mn2=0n3=0

nz—1

[[nl -+ ns, Na —+ ng] + Z (q74"3+4”4 [m + n3, no -+ n4]

n4=0

+¢"" ™ g + ng, o + ng])} gRmtnatng) (4.5.31)

Since we need to gauge SU(3) C E7, we also need to obtain the branching rule
of E7 representations to the subgroup SU(3) x SU(6).

Branching rule for E; to SU(3) x SU(6). The branching rules can be obtained
by matching the characters on both sides. A map of the E; fugacities uq,...,us to
the SU(3) fugacities z1, 2o and the SU(6) fugacities vy, ..., ys can be

2 2
_ _ _ 2 _ .3 _ %Y _ Y _ Y2Ys

Uy = 21Y2, U2 =Y1Y2, U3 = 22Y5, Ug=17Yy9, Us=—", Ug=—, U= —.
Ya Ya Y4

(4.5.32)

For example, the decompositions of Adj' and Adj? of E; are given below. We use
the notation [ay, ag; by, ..., bs] to denote the representations of SU(3) x SU(6).

Adj' = [1,1;0,0,0,0,0] + [1,0;0,1,0,0,0] + [0,1;0,0,0,1,0] + [0,0;1,0,0,0, 1]
Adj? = [2,2:0,0,0,0,0] +[2,0;0,2,0,0,0] + [0,2;0,0,0,2,0] + [0,0;2,0,0,0,2]
+[2,1;0,1,0,0,0] + [1,1;0,1,0,1,0] + [0,1;1,0,0,1,1] + [2,0;0,0,0,1,0]
+ [1,2;0,0,0,1,0] + [1,0;1,1,0,0, 1] + [1,1;0,0,0,0,0] + [0, 2;0, 1,0,0,0]
+[1,1;1,0,0,0,1] + [1,0;0,1,0,0,0] + [1,0;0,0,1,0,1] + [0,0; 1,0,0,0,1]
+[0,0;0,1,0,1,0] + [0,1;0,0,0,1,0] + [0,1;1,0,1,0,0] + [0,0;0,0,0,0,0] .
(4.5.33)

The Hilbert series of the coherent component of the one F; instanton moduli space
on R* after using the fugacity map Equation (4.5.32) is

ggi(t 21,2051, -5 Ys) = ZAdjk(Zh 23 Y1, Ys) (4.5.34)

Gluing process. We obtain the Hilbert series of the 6 —e —3 —2 — 1 quiver theory
by using a similar ‘gluing technique’ to Equation (4.5.12):

96—e—3-2-1(5;¢, 0591, ..., Ys) = / dpsu) 95 Jeve 95501 (4.5.35)
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where the gluing factor is given by the adjoint valued F terms,

1
PE [[1, su)t?]

alue (L5 21, 22) = (4.5.36)

Therefore, we obtain

1
g670737271(t; 4, bu Y, - - ,Z/5) =1+ (2 + [17 07 07 07 1])t2 + (3 + E[()? 07 07 17 O}
q4 5 4 1 bQ
—|—§[0,0,0, 1,0] +b%¢*[0,0,0,1,0] + W[Q 1,0,0,0] + E[()’ 1,0,0,0]

+¢[0,1,0,0,0] + [0,1,0,1,0] + 3[1,0,0,0,1] + [2,0,0,0, 2])t4 ..., (45.37)

in accordance with (4.5.26), up to a rescaling of ¢ (which means simply that we use
different units in counting charges):

G6—e—3-2-1(t; @, b3 Y1, ..., ys) = go—a—o(t; ¢, bsy1, -, U5) - (4.5.38)

Unrefining b = q =y, = ... = y5 = 1, we obtain the unrefined Hilbert series up to
the order t® as

G6—e_3_o_1(t) = 1+ 37t% + 792t* + 12180° + 1458385 4+ ... . (4.5.39)

This is in agreement with (4.5.28).

4.5.3 Ex

The resummed Hilbert series for the coherent branch of one Ejy instanton is

T PE (t)

where the numerator is a palindromic polynomial of degree 58:

Pg,(t) = 1+ 190* 4 14269t* + 576213t° + 14284732t 4 234453749t +
2675683550t + 21972715186t + 133126452657t'% + 6063269723288 +
2105555153625t%° + 5634990969615t%% + 11714759112330¢%* +
19025183027595¢%° + 24223919026560t*® + ... (palindrome) ...+ t°® .

(4.5.41)

This is consistent with the fact that the Higgs branch is 2hp, — 2 = 58 complex
dimensional, where hp, = 30 is the dual Coxeter number of Eg.

The Eg theory arises from 6 M5-branes wrapping a sphere with 3 punctures.
The 3 punctures are of the type SU(6), SU(3), SU(2). The quiver diagram is
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depicted in the left picture of Figure 4.20. The Lagrangian description of this theory
is unknown.

We denote the Eg theory by a ‘quiver diagram’ analogue to those in previous
sections. This is given in the right picture of Figure 4.20. The blue blob denotes
a theory with an unknown Lagrangian description. The Fg global symmetry is
indicated in the square node.

SU@3) ‘

—— SU(6)

E.
SUQ) 8

Figure 4.20. Left: The Fg theory arises from 6 M5-branes wrapping a sphere with 3
punctures. The 3 punctures are of the type SU(6), SU(3), SU(2). Right: The quiver
diagram representing the Eg theory. The blue blob denotes a theory with an unknown
Lagrangian description. The Ejg global symmetry is indicated in the square node.

The Ey theory can be used to construct a quiver gauge theory called the 5 —
e —5—4—3—2—1 theory, depicted in Figure 4.21. The duality between this theory
and the 3 — 65 — 4 — 2 quiver theory (depicted in Figure 4.22) is proposed by [22].

I O O OO

Figure 4.21. The 5— e —5—4—3—2— 1 quiver theory. The U(1) global symmetries are
associated with the solid lines in the quiver diagram. The flavour symmetry is expected to
be SU(5) x U(1)%.

The 5 — e —5—4—3—2—1 theory can be constructed as follows. The global
symmetry Eg can be decomposed into SU(5) x SU(5). One of the SU(5) is gauged
and is coupled to the 5—4—3—2—1 tail. The U(1) global symmetries are associated
with the solid lines in the quiver diagram. Hence, the flavour symmetry is expected
to be SU(5) x U(1)*.

On the other side of the duality, we have the 3 — 65; — 4 — 2 quiver theory
depicted in Figure 4.22. As in all previous quivers, the U(1) global symmetries are
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OSORONO

5

Figure 4.22. The 3—65j—4—2 quiver theory. This theory is dual to the 5—e—5—-4-3—-2—1
theory.

associated with the solid lines in the quiver diagram, and the flavour symmetry is
expected to be SU(5) x U(1)*, in agreement with that of the 5—e—5—-4—-3-2—1
quiver theory.

The computations of Hilbert series of these theories are rather involved and
technical. We leave such computations for future work.

4.5.4 One F, instanton on C?

There is no simple analog of the ADHM construction. Instead the conjecture of this
chapter is that the Hilbert series for the one instanton moduli space on C? is a sum
over symmetric adjoint representations. Explicitly, denote the adjoint representation
of Fy by [1,0,0,0], and the symmetric adjoints by [k, 0,0, 0], then the dimension of
each representation is

dim [k, 0,0,0] = (4.5.42)
(k+1)(k+2)(k+3)%(k+4)3(k 4+ 5)%(k + 6)(k + 7)(2k + 5)(2k + 7)(2k + 9)(2k + 11)
4191264000 ’

and the Hilbert series for the moduli space takes the form

gr,(t; 21,9, T3, Ty, ) = 1)1 t/x Z [k,0,0,0] 2k (4.5.43)
=0

Where as usual, the first term is the Hilbert series for C2, physically interpreted
as the position of the instanton and the remaining function is the Hilbert series for
the coherent component of the moduli space. By setting the Fj fugacities to 1 one
can get an explicit palindromic rational function for the coherent component of the
moduli space,

g 1362 4 34164 4 120818 + 1820¢5 + 120810 + 341412 + 3614 + 116

(4.5.44)
giving a non-trivial check that the dimension of this moduli space is 2(h — 1) = 16,
where h = 9 is the dual Coxeter number of F}.
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4.5.5 One G, instanton on C?

This case also has no known simple ADHM construction. Denote the character of
the adjoint representation by [0, 1] and the character for the k-th symmetric adjoint
by [0, k], with dimension

(k+1)(k+2)(2k+3)(3k +4)(3k + 5) '

dim [0, k] = 4.545
im [0, k] 120 ( )
The Hilbert series takes the form

t: [0, k]t 4.5.46
gGQ( ax17$27x) (1—t$ ]_—t/fL' % ( )

and setting the fugacities to 1 gives

1 1482 +8t4 416

9, (t1,1,1) = SR (4.5.47)

1—02 (1-@F

giving a non-trivial check that the dimension of this moduli space is 2(hg, — 1) = 6,
where hg, = 4 is the dual Coxeter number of (G5. Since the rank of this gauge group
is 2, it is possible to compute the sum explicitly and write the Hilbert series as a
rational function with characters of G5. Omitting the trivial C? part we get

ggg(t; x1,22) = Pg,(t; x1,29)PE [[0, 1]t2] , (4.5.48)

where Pg, is a palindromic polynomial of degree 11 in ¢? and has the form

Pa,(t;z1,29) = 1 — ([2,0] + 1)t* + ([1,1] + [2,0] + [0,1)® — ([3,0] + [1,1] + [0, 1] + [1,0])¢
+ ([3,0] + [1,0D)¢"% + ([3,0] + [1,0])t"* — ([3,0] + [1, 1] + [0, 1] 4 [1,0])¢"
+ ([1,1] +[2,0] + [0, 1])¢® — ([2,0] + 1)t*® + 22 . (4.5.49)
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Chapter 5

Tri-vertices and SU(2)’s

5.1 Introduction

Recently, a new class of N/ = 2 superconformal field theories in (3+1) dimensions has
been explored [1]. These theories are proposed to be the worldvolume theories of M5
branes wrapping Riemann surfaces. In this chapter, we focus on the case in which the
number of M5 branes is two, so that the gauge groups involved are SU(2)’s. These
theories can be represented by graphs, called skeleton diagram®, consisting of lines
and trivalent vertices, where a line represents an SU(2) gauge group and a trivalent
vertex represents a matter field in the tri-fundamental representation of SU(2)? (see
Section 5.2 for more details). Such a graph defines a unique N' = 2 Langrangian in
(3 + 1) dimensions. These graphs can be topologically classified by the genus g and
the number of external legs e.

In this chapter, we focus on the branch of the moduli space parametrised by the
vacuum expectation values (VEVs) of the hypermultiplets (called the hypermultiplet
moduli space or the Kibble branch). Certain quantities of the Kibble branch, such
as dimension and some operators, of these theories or related ones have been discussed
in, for example, [2, 3, 5, 6]. In this chapter, we compute the Hilbert series for the
Kibble branch of various skeleton diagrams and show that it is possible to count all
chiral operators for any genus g and any number of external legs e of the skeleton
diagram. This key result is explicitly stated in (5.7.1).

The Hilbert series is a partition function for the chiral operators in the chiral
ring of supersymmetric gauge theories.? It can also be used as a primary tool to

!The skeleton diagrams give rise to an SU(2) subclass of theories which are referred to in
the literature as (i) generalised quiver gauge theories [1], (ii) Sicilian gauge theories [3], and (iii)
tinkertoys [4]. See more details below.

2There are also other similar quantities such as the superconformal index [5, 9-11], which is
specific to superconformal field theories. It would be interesting to find the relation between the
Hilbert series and these quantities.
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test various dualities in gauge theories, for example, in Chapter 4 and [7] the Hilbert
series is used in the context of the Argyres-Seiberg duality [8]. In this chapter, several
examples demonstrate that theories corresponding to different graphs with the same
g and e possess the same Hilbert series. This is in agreement with the conjecture
that such theories are related to each other by S-duality [1].

The outline and key results of this chapter are as follows. In Section 5.2, we
summarise details of the skeleton diagram and give various simple examples. In
Section 5.3, we introduce the notion of the Kibble branch of the moduli space and
compute the dimension. It is found that the dimension of the Kibble branch only
depends on the external legs e and not the genus g. In §§5.4, 5.5, 5.6, we compute
Hilbert series for various examples. The main results of this chapter are collected in
Section 5.7. These include the general formulae (5.7.1), (5.7.18) and (5.7.19), which
are a summary of all the results in this chapter.

5.2 Skeleton diagrams of N' = 2 gauge theories

To write down a Lagrangian for a gauge theory with N' = 2 supersymmetry it is
sufficient to specify the gauge group, under which vector multiplets transform in
the adjoint representation, and the representations under which the hypermultiplets
transform. In the case that hypermultiplets carry no more than two charges, it is
convenient to represent the theory by a quiver diagram, whose nodes and lines
represent respectively vector multiplets and hypermultiplets. Readers who are not
familiar with N' = 2 quiver diagrams may wish to consult Chapter 4 for further
details. However, when hypermultiplets carrying more than two charges, quiver
diagrams are not good representatives of such theories. Nevertheless, some of these
theories can be represented graphically by skeleton diagrams.

This chapter deals with an infinite class of N’ = 2 supersymmetric gauge theo-
ries that are constructed by skeleton diagrams with the following simple rules: The
graphs are made out of lines and trivalent vertices. Each line (- ) represents an
SU(2) gauge group, with its length L inversely proportional to its gauge coupling ¢,
i.e. L ~1/g* (Therefore, a line with infinite length has zero coupling and therefore
corresponds to a global SU(2) symmetry.) Each tri-valent vertex ()\) represents a
half-hypermultiplet Qs transforming in the [1; 1; 1] representation of SU(2)?, where
the indices «, 8, 7 = 1,2 corresponds to three different SU(2) groups. A skeleton
diagram defines a unique N' = 2 Langrangian in (3 + 1) dimensions.

Let us briefly comment on the nomenclature. We emphasise that skeleton
diagrams only represents SU(2) gauge groups (or SU(2) global symmetries in the
cases of lines with infinite length) and matters in the tri-fundamental representation
of SU(2)?. Thus, the skeleton diagrams give rise to an SU(2) subclass of theories
which are referred to in the literature as (i) generalised quiver gauge theories
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[1], (ii) Sicilian gauge theories [3], and (iii) tinkertoys [4]. Note that, for the
name “generalised quiver gauge theories”, the reader should not be confused with
the notion of the quiver described above.

In the ' = 1 language, each N/ = 2 vector multiplet decomposes into an N = 1
vector multiplet and an N = 1 chiral multiplet. Each N/ = 2 half-hypermultiplet
decomposes into an NV = 1 chiral multiplet. Finally, the superpotential takes the
form of a sum over all nodes with a contribution of each node is

Qaﬁ'yQa’B’ﬂ/ ((b?aleﬁﬁle'ry/ + Eaa/(bgB/E'Y'Yl + eaa/€55/¢g7/) , (521)

where the three sets of indices {a,a’ = 1,2},{p, 5 = 1,2}, {~,7 = 1,2} correspond
to the three different SU(2) groups, and the adjoint chiral multiplets ¢1, ¢, ¢3 come
from the three different SU(2) N' = 2 vector multiplets. By convention, infinite lines
give rise to adjoint valued mass terms. Note that the superpotential (5.2.1) is defined
up to a constant which is determined by N = 2 supersymmetry

A motivation of skeleton diagrams comes from the study of N' = 2 supersym-
metric gauge theories living on M5-branes wrapping Riemann surfaces [1, 12]. In
this chapter, we focus on the theories with SU(2) symmetries, and so the number of
Mb5-branes involved is two. The topology of the skeleton diagram is the same as that
of the corresponding Riemann surface, namely the number of loops of the skeleton
diagram is the genus of the Riemann surface and the number of external legs of the
skeleton diagram is the number of punctures on the Riemann surface.

Below we give a few examples of the N' = 2 theories with their skeleton dia-
grams.

5.2.1 The theory with a free trifundamental of SU(2)3

Figure 5.1. The theory with a free trifundamental field of SU(2)3.

Let us consider the theory with a tri-vertex and three external legs (Figure 5.1).
Each of the three legs corresponds to an SU(2) global symmetry. The vertex cor-
responds to 8 free, possibly massive, half-hypermultiplets Q;;; transforming in the
trifundamental [1;1; 1] representation of the SU(2)? global symmetry. The possible
mass terms are

L / .. Y] ’ YR ’
W = Qiiji’j’k’ <mzf e’ Ekk + e m%] Gkk + e e’ mgk ) 3 (522)
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where i, j, k, ¢, j/, K = 1,2. This theory is also known in the literature as the 75
theory, or the triskelion [3]. Subsequently, we use this theory as a building block
to construct a number of other theories by means of ‘gluing’.

5.2.2 The SU(2) N =4 gauge theory with two free singlets

Let us consider the tadpole diagram in Figure 5.2. This diagram can be obtained
by gluing together two external legs in a Ty theory. As shown in the diagram, this
theory has an SU(2) gauge group (corresponding to the loop) and an SU(2) global
symmetry (corresponding to the external leg).

Figure 5.2. (The tadpole) The SU(2) N = 4 gauge theory with two singlets.

The vertex corresponds to a half-hypermultiplet Q.,;, where a,b = 1,2 are
SU(2) gauge indices and ¢ = 1,2 is an SU(2) global index. Let us define the trace
of Q and the traceless part of Q as

__ ab
X = e Qabi )

1
Pabi = Qabi — §Xi€ab : (5.2.3)

Note that, by definition, the half-hypermultiplets ¢; are traceless, i.e. €®pu,; = 0.
Hence, ¢ is an SU(2) adjoint hypermultiplet. The vector multiplet of the SU(2)
gauge group and the adjoint hypermultiplet ¢ give rise to an N = 4 gauge theory
with an SU(2) gauge group.

On the other hand, the gauge singlet X is a free hypermultiplet which is more
conveniently written as two half-hypermultiplets X7, X5 transforming in the funda-
mental representation of the SU(2) global symmetry.

There is also a global U(1) R-symmetry under which the half-hypermultiplets
Qb carries the charge 1 (which is also the scaling dimension).

The representations in which X and ¢ transform are summarised in Table 5.1.

Let ¢ be the scalar field in the N’ = 2 SU(2) vector multiplet. In an ' = 1
supersymmetric notation, one can write down the superpotential (5.2.1), including a
mass term, as

/ A / A / / .
W = Qabi Qa’b’j (¢aa ébb EZ] + Eaa ¢bb 61] + eaa Ebb ng) )
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Field Gauge SU(2) || Global SU(2) | Global U(1)

Fugacity: z x t
@ 2] [1] 1
X (0] [1] 1

Table 5.1. The hypermultiplets in the tadpole theory.

For simplicity, we set the mass term to zero and obtain
W = Quyi Qu (asa“’ebb’eij + e““(bbb’e”) . (5.2.4)

Observe that, by symmetry, the trace €?®Qu,; = X; does not contribute to the su-
perpotential. Indeed, X is a free hypermultiplet. One can therefore write down the
above superpotential using the traceless part of Q as

aa’ bb' _ij
W = 2¢ € € JSOabz'SOa’b’j .

Note that the factor in front of the superpotential is determined by supersymmetry
but is not relevant to the computations done in this chapter. We shall henceforth
drop this factor and take

W = ¢ e € puipary; - (5.2.5)
5.2.3 SU(2) gauge theory with 4 flavours

Consider the skeleton diagram in Figure 5.3. This diagram can be obtained by
‘gluing’ two T5 theories along one of the external legs in each diagram.

Figure 5.3. The skeleton diagram of the SU(2) gauge theory with 4 flavours.

The internal line corresponds to the SU(2) gauge group. Each of the four
external legs corresponds to an SU(2) global symmetry. The two nodes represent

two trifundamental fields Q;i,q and Qyi,q of SU(2)3, where a is an SU(2) gauge
index and iy, 79, 3, 74 are the indices for the four different SU(2) flavour symmetries.

Let ¢ be a scalar field in the NV = 2 SU(2) vector multiplet. In an N' = 1
supersymmetric language, the superpotential (with mass terms) can be written as

L .
. 1187 _i9d), _aa’ i1t 12l aa’ 414 91l Laa’
W = Qi Qiia (ml €22 + €'y 2" + €129

~ ~ igil oo , il igd! , Ly ,
+Qisisa Qititar (m3 Sttt 4 ety et —1—6131361“4(;5“") . (5.2.6)
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From the following decompositions of SO(8) into SU(2)*:
[1,0,0,0] 500 = [1;1;0;0] +[0; 0; 1; 1] (5.2.7)

one can combine (i1, i3), (i3,44) into one SO(8) index I, and hence the SU(2)* global
symmetry enhances to SO(8). The 16 half-hypermultiplets Q;,;,, and Qvi3i4a can then
be combined into (),7, which are indeed the quarks in an SU(2) gauge theory with
4 flavours. The quiver diagram of this theory is depicted in Figure 5.4.

Figure 5.4. The quiver diagram of the SU(2) gauge theory with 4 flavours.

In N = 1 supersymmetric notation, one can rewrite the superpotential as

W = QarQur¢™ + 1" QurQuse® . (5.2.8)

Let us compare (5.2.6) with (5.2.8). The mass parameters p;; transform in the
adjoint representation [0,1,0,0] of SO(8). This can be decomposed into SU(2)*
representations as

[0,1,0,0ls0() = [1; 15 1;1] + [2;0; 0; 0] + [0; 2; 0; 0] + [0; 0; 2; 0] + [0; 05 0; 2] (5.2.9)
We see from (5.2.6) that the mass parameters mifi/l, m?ié, mf;”'é and mffiﬁ‘ trans-
form respectively in the SU(2)* representations [2;0;0;0], [0;2;0;0], [0;0;2;0] and
[0; 0; 0; 2]. Therefore, we have the following tensor decomposition:

'l — mirieisia g mifi,l + m?i{" + m?ié + mi“?* : (5.2.10)
where the mass parameters m™2%% transform in [1;1;1; 1] of SU(2)*. Observe that
we can set m'12%% to zero by an SO(8) transformation.

5.3 The Kibble Branch of the Moduli Space

Topology of the skeleton diagram. One can classify the skeleton diagrams
according to their topological properties, namely the genus ¢ and the number of
external legs e. Henceforth, we collect these numbers in an ordered pair (g, e). Given
g and e, the number of internal lines is 3g — 3 + e and the number of nodes (and also
the number of T5 building blocks) is the Euler characteristic y = 2g — 2 + e. Recall
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that an internal line corresponds to a gauge group and each node corresponds to a
trifundamental matter field. Therefore,

The number of SU(2) gauge groups = G(g,e) =39 —3+ ¢,
The number of matter fields = x(g,e) =29 —2+e¢
The number of SU(2) global symmetries = e . (5.3.1)

In N = 2 supersymmetric gauge theories with one gauge group, one typically
refers to two branches of the moduli space, namely the Higgs branch and the Coulomb
branch. The Higgs branch is the branch on which the gauge group is completely bro-
ken and the vector multiplet becomes massive via the Higgs mechanism; this branch
is parametrised by the massless gauge singlets of hypermultiplets. The Coulomb
branch is, on the other hand, the branch on which the gauge group is broken to a
collection of U(1)’s and the hypermultiplets generically become massive; this branch
is parametrised by complex scalars in the vector multiplet.

However, for the theories with genus g > 1, the gauge group is not completely
broken on the branch which is parametrised by VEVs of hypermultiplets. We con-
jecture that at a generic point in this branch the SU(2)Y gauge symmetry is broken
to U(1)? (see Appendix A.1). In order to avoid a potential confusion with the notion
of Higgs branch, we refer to this branch of the moduli space as the Kibble branch?,
denoted by K. Note however that for theories with zero genus g = 0, the Kibble
branch coincides with the Higgs branch.

Let us compute the dimension of the Kibble branch for theories with genus
g and e external legs. Since each T, building block contains 8 half-hypermultiplets
(or equivalently 4 hypermultiplets) and there are x of such building blocks, the
hypermultiplets have 4y quaternionic degrees of freedom in total. At a generic point
on the Kibble branch the SU(2)Y gauge symmetry is broken to U(1)?, and hence
there are 3G — g broken generators. As a result of the Higgs mechanism, the vector
multiplet gains 3G — g quarternionic degrees of freedom and become a massive N' = 2
vector multiplet. Thus, from (5.3.1), the 4y — (3G — g) = e+ 1 quarternionic degrees
of freedom are left massless. Thus, the quarternionic dimension of the Kibble branch
is

dimg K =e+1 . (5.3.2)

This is in agreement with [2]. Note that the dimension of the Kibble branch does
not depend on the genus, but depends only on the number of external legs.

3In honour of Professor Tom Kibble’s contribution to the theory of spontaneous symmetry
breaking.
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5.4 Theories with Genus Zero

In this section, we focus on the Hilbert series of theories with genus zero. Below the
Hilbert series of these theories are studied in detail.

5.4.1 The T, theory (g =0,e = 3)

It is clear that the moduli space of the T5 theory is generated by the trifundamental
field. Hence, the operators transform in the symmetric powers of [1;1;1] of SU(2)3.
Thus, the Hilbert series of this theory can be written in an elegant way using the
plethystic exponential (PE)

g, (t; 1, w9, x3) = PE[[1;1; 1]t] = H

€;==%1

where z1, Ty and z3 are the fugacities of SU(2) x SU(2) x SU(2), and the plethystic
exponential PE of a multi-variable function f(¢4,...,t,) that vanishes at the origin,

f(0,...,0) =0, is defined as

1
€3 ?

_— 5.4.1
1 —tai o ( )

PE[f(ty, b, .. 1,)] = exp (Z %f(t’f, » ,tf;)) | (5.4.2)

This expression (5.4.1) is manifestly symmetric under any permutation of the 3
external legs. The permutation group S3 acts on exchanging the legs and the Hilbert
series on the Kibble branch is an invariant function of this S3. This point is used
below to demonstrate the invariance of the Hilbert series on the Kibble branch.

One can rewrite (5.4.1) in terms of infinite sums of the irreducible representa-
tions of SU(2)? as

o

1
gr, (t; 21, 19, 13) = T Z ([2n1 + m; 2ng + m; 2ng 4 m)t>m2ret2netmy

ni,n2,n3,m=0

2n1 +m + 1;2ny + m + 1;2n3 + m + 1P T2ret2nstmesd) (5.4 3)

As is shown below, this infinite sum turns out to be more useful for generalisation to
any pair (g, e). In this expression, there are 4 sums, one for each external leg, and one
that ‘glues’ all expressions together (without it, the sums would simply factorise).

5.4.2 SU(2) gauge theory with 4 flavours (g = 0,e = 4)

The Hilbert series of this theory is computed in (5.4.7) of Chapter 4. In terms of
SO(8) representations, this can be written as

o

gNCZQ,Nf=4(t7 21, 22, 23, 24) = Z[Ov ka Oa O]SO(S)tzk ) (544)
k=0

where 21, 29, 23, 24 are the SO(8) fugacities. The moduli space of this theory is 10
complex dimensional (see e.g., Section 4.4). This is in agreement with (5.3.2).
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A branching rule of SO(8) to SU(2)*. Let us decompose these SO(8) represen-
tations into SU(2)? representations. A map from the SO(8) fugacities to the SU(2)*
can be chosen to be

2] = T1T9, 2y = T3, 23 = T3Ty, 24 = T4Ty, (5.4.5)
where 1, X9, 3, 4 are the four SU(2) fugacities. With such a map, one obtains, e.g.

[1,0,0,0]s0(s) = [1;1;0;0] 4 [0;0;1;1] ,
[0,1,0,0l50) = [15 1515 1] + [2;0; 0; 0] + [0; 2; 0; 0] + [0; 0; 2; 0] + [0; 0; 0; 2] (5.4.6)

etc. The formula (5.4.4) can be rewritten in terms of SU(2) representations as

[e.e]

1
INe=2.Nj=4 = T 1 Z ([2n1 +m; 2ns + m; 2ng + m; 2ng + m]t2”1+2n2+2”3+2"4+2m+
ni,...,ng,m=0
21 +m + 15202 + m + 1;2n3 +m + 1;2ny + m + 1|20 F2net2ns f2natamtd) (5.4.7)

This is a form, which as in (5.4.3), turns out to be the right form to generalise to
any pair (g,e). This expression is invariant under any permutation of the external
legs. The permutation group S acts on exchanging the legs and the Hilbert series
on the Kibble branch is an invariant function of this Sy.

Gluing two 75 theories.

One can also obtain the SU(2) gauge theory with 4 flavours by gluing two 75 theories
along the external legs. Before obtaining the Hilbert series, let us briefly summarise
the gluing technique.

A summary of the gluing technique

In Chapter 4, we derive Hilbert series when two Riemann surfaces are glued together
along the punctures. Let us briefly summarise the gluing procedure. Suppose that
the maximal punctures along which we glue possess the symmetry of a group G,
whose fugacites are denoted collectively by z,. Let the Hilbert series of the theory
corresponding to the first Riemann surface be ¢, (¢, z;, zx) and let the one correspond-
ing to the second Riemann surface be ¢»(%, y;, 21), where x;, y; represent a dependence
on additional fugacities. The Hilbert series when two Riemann surfaces are glued
together is given by

9(t, zi,y;) = /dMG(Zk) 91(t, @i, 21) Gewe (L, 2) G2(t, Y55 2) (5.4.8)

where the gluing factor (when there is no ‘self-gluing’ involved) is

1

gglue(ta Zk) = PE [Adj(Zk)tQ] . (549)
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In particular, for the SU(2) group, the gluing factor is given by

dunelt:2) = i = 1~ PR+ 12— 0 (5.4.10)

where [2], =22+ 1+ %.
Note however that, when the gluing involves self-gluing of the Riemann surface,
the gluing does not take the form (5.4.9). We demonstrate this point in Section 5.5.1.

The SU(2) theory with 4 flavours - revisited

Let us suppose that the legs 3 (associated with the fugacity z) of the two Ty are
glued together. To obtain the Hilbert series, we apply the gluing formula (5.4.8) to
the Hilbert series (5.4.3) of T5:

/dHSU@)(z) 91, (t; 71, T2, 2) Ggtue(t, 2) 91, (F; T3, 74, 2) (5.4.11)

The gluing factor and the integration impose a ‘selection rule’ on m. In order to
determine which m survive, we use the following identities:

/duSU(g)(z) Z Getne(t, 2)[2ns + m].[2nf 4+ m/], 2ratminatmt — g 424l

! ’
n3g,m,ns,m

/ dpsue)(2) D Gaelt, 2)[2ns + m][2nf + m! + 1] g2 ins s — 4

/ /
3,1, M5, M

/d,uSU(Q)(z) Z Geme(t, 2)[2ns +m 4 1], [2nf + m/] 2retmnatm+3 — 44

!
ng,m,ns,m’

/duSU(g)(z) Z Getue(t, 2)[2n3 + m + 1].[2n4 + m/ + 1] 2retmE2natm'+6 _ 46

1ot
ng,m,ns,m

(5.4.12)

where the summations are over nz, m,nj, m’ from 0 to co and the subscripts z indi-
cates that the characters depend on z. The first and the second identities contribute
to the first term in (5.4.7):

1+¢2— ¢ t4 1+ ¢ 1 =,
= = = E . 5.4.13
11—t +1—t4 1=t 1-82 ( )
The third and the fourth identities contribute to the second term in (5.4.7):
t4 £ t4 =
= =y 5.4.14
T a1

Hence, we arrive at (5.4.7), as expected.
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Derivation of the identities
(The reader may skip this topic without the loss of continuity.)

We discuss the derivation of the first identity in (5.4.12); the others can be derived
in a similar fashion. Let us first focus on the following expression:

A= /dMSU(z)(Z) Z [2n5 + m), [2n} + m/] 2t st

! !
ng,m,ns,m

= Z 52n3+m,2ng+m’t2n3+m+2né+m/ . (5415)

/ /
n3,m,nz,m

For a given value of 2n3 + m, there are |(2n3+m)/2+ 1| = ng+ 1+ |m/2] pairs of
(n5,m’) which give non-zero delta functions. Therefore, we have

A= Z 52n3+m,2n§+m/t2n3+m+2né+ml — Z Z(n3 + 1+ |_m/2J )t4n3+2m

ng,m,n%,m’ n3=0 k=0
Z Z ng + 1 + k)t +ak (1 4 42)
3=0 k=
1+t
= A=) (5.4.16)
where, in the second line, we considered the two separated cases, m = 2k and
m = 2k + 1. Next, we consider the expression
B= / dpsvey(z) S [21.[2n5 + ml.[2n} + ]2 tmznid
n3,m,n%,m’
=-1+ Z (62n3+m,2né+m/ + 52n3+m+2,2n/3+m/ + 52n3+m,2n’3+m’+2)t2n3+m+2n/3+m/
nz,m,ns,m’
4. 1+t Lo 2t
A-t-2) " (A—ef 1+ ey
t2 (5 + 3t2 — 2t* — 16 4 ¢8
G, ) (5.4.17)

(1—2)° (1 +¢2)?
where —1 in the second line compensate the case in which 2ng +m = 2n4 +m’ = 0.
Using the gluing factor (5.4.9) (with Adj = [2]), we find that

/ dusv(z) > Gguelt, 2)[2n5 + ml.[2nf + '], 2ot

/ /
ng,m,ns,m

=(1-1YA-?1 - )B=1+1t>—t*. (5.4.18)
Three phases of SU(2) theory with 4 flavours

As pointed out in [1], there are 3 weak coupling limits of an SU(2) gauge theory with
4 flavours. These corresponds to the permutations of the labels of the external legs
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(depicted in Figure 5.5). They have different origins from the perspective of theories
on Mb5-branes wrapping Riemann surfaces. For example, the theory at the centre of
Figure 5.5 can be obtained from the gluing of two Riemann surfaces; one contains
punctures 1 and 3 and the other contains puctures 2 and 4. All of these phases are
conjectured to be related to each other by S-duality [1] which states that the IR
dynamics of these theories are identical. Indeed, it can easily be seen from (5.4.7)
that the Hilbert series of these three phases are identical, since the permutations of

the labels correspond to the permutations of nq,...,ns, the dummy variables in the
summations.

1 3 1 2 1 3

2 4 3 4 4 2

Figure 5.5. The three weak coupling limits of an SU(2) gauge theory with 4 flavours.

In fact, a stronger version of this duality is that the IR dynamics depends on the
pair (g, e) only and not on the specific choice of the Lagrangian. A consistency check
of this duality is the set of computations below which demonstrate that the Hilbert
series on the Kibble branch is an invariant of S-duality, or alternatively, depends on
the choice of the pair (g,e) and not on other details of the skeleton diagram.

5.5 Theories with Genus One

Below the Hilbert series of theories with genus one are studied in detail.

5.5.1 The tadpole theory (g =1,¢e =1)

In this subsection, we compute the Hilbert series of the Kibble branch of the tadpole
theory (Figure 5.2). We translate the N’ = 2 data into the A/ = 1 language. Let
us denote the scalar in the vector multiplet by ¢. In the N' = 1 language, the
superpotential can be written as

W — Qabl Qa/b/j <¢Cba/ 6bb’ 67,] + €aa/ ¢bb/ €’Lj> ) (55 1)

On the Kibble branch, the field ¢ becomes massive and hence (¢) = 0. Therefore,
the non-trivial F-terms are

(QabiQa’b’j + Qbain’a’j)Ebbleij =0. (552)
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Using the fugacities according to Table 5.1, the Hilbert series of the two commuting
adjoint fields is

(1 — 12[2;0] + £3[0; 1)) PE [[2; 1]¢]
_ 1- 21+ 2+ L)+ @+ 1)
B ) (R Y (Y (e Ty

where [a;b] denotes the product of the characters [a],[b],. The F-flat Hilbert series
is then given by

F(t, z,2) = (1 —2[2;0] + 3]0; 1)) PE [[2; 1]¢ + [0; 1]¢]
_ 2 1_t2(1+z2+zi2)+t3(x+§)2 (5.5.4)
(1=3) (=t (1=35) (1= %) (1= 5) (1 —te2?)

Integrating over the SU(2) gauge group, one obtains the Kibble branch Hilbert series

(t.2) = 11—t
Fradpolel?, (1—tz)(1— £)(1 - 2)(1 — 222)(1 — L)

xT

= (1 —t*)PE [[1]t + [2]¢?]

1
- 1—t4 Z ([an + m]t2n1+m + [272,1 +m + 1]t2n1+2n2+m+3) '

ni,n2,m=0

o0

(5.5.5)

The Kibble branch is therefore a 4 complex dimensional complete intersection. The
generators are X at order ¢ and

M;; = e Qabi Dty (5.5.6)
at order t2. The relation at order t* is

det M =0 . (5.5.7)

Note that the Kibble branch is actually C?/Z, x C?, where C?/Z, is generated
by M,s and C? is generated by the two gauge singlet X,,. This can also be seen from
the fact that the Hilbert series of C?/Zy x C? given by the discrete Molien formula
(see e.g. [13]):

L] 1 1 1
9@2/szc2(,$)—§ (1—1) (1—tx)+ (1+4)(1+tx) 8 (1-14)(1—ta)
= (1 —¢"PE [[1)t + [2]¢*] . (5.5.8)

is equal to the Hilbert series (5.5.5).
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The tadpole from gluing two legs in the 75 theory

It is clear from the skeleton diagram that the tadpole comes from gluing two legs of
the T5 theory. Let us derive the corresponding gluing factor. Starting from (5.4.1),
we glue the legs 1 and 2 together (i.e. set x; = x5 = 2z and take x3 = x); we then

obtain
(115 1] = ([ 1)1 = ([21: + [0]:) [ = [2:1] + 05 1] (5.5.9)

where [a, b] = [a],[b],. Observe that this is actually the representation in the plethys-
tic exponential (5.5.4). Hence, from (5.5.4), it is immediate that the gluing factor
1s

Jate(t, 2, 2) = 1 — £2[2; 0] + °[0; 1] . (5.5.10)
Let us comment on the gluing factor as follows:

e This process involves self-gluing. The gluing factor is different from (5.4.9).

e Whenever the self-gluing gets involved, the gluing factor is no longer local. As
can be seen from (5.5.10), the gluing factor does not depend only on z, the
variable associated with the two legs we glue, but it depends also on z, the
variable associated with the third leg which is not involved in the gluing.

e When there is no self-gluing involved, the gluing is a local process and the
gluing factor is given by (5.4.9).

5.5.2 The theories with genus one and two external legs (g = 1,¢e = 2)

Below the Hilbert series of theories with genus one and two external legs are studied
in detail.

The A; theory

In this subsection, we focus on the theory with the A; quiver, whose skeleton diagram
is depicted in Figure 5.6. The two SU(2) gauge groups are represented by the upper
and lower arcs. The two external legs represent the two SU(2) baryonic symmetries,
SU(2)p, and SU(2)p,. The quiver diagram of the A; theory is given by Figure 5.7.

Let ¢1 and ¢ be the scalar fields in the two N = 2 SU(2) vector multiplets.
In an A/ = 1 notation, the superpotential can be written according to (5.2.1) as

W = Qa1a2i1 Qa’ Lt (qbclllallemaéeili,l + ealall ¢32@§Ei1i’1)

1%2%1

~ ~ a1a} azaly iat), aia) azay i)
+Qa1a2i2 Qa’laéié <¢1 € € T € ¢2 € ) ) (5511)

where for simplicity the mass terms of Q and Q are set to zero.
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Figure 5.6. The skeleton diagram of the A; theory.

@ @
Figure 5.7. The N = 2 quiver diagram of the A; theory.

The F-terms. We first start from the F-terms of the A; theory. Since we focus on
the Kibble branch, the vacuum expectation values of ¢; and ¢, are zero. Therefore,
the non-trivial F-terms associated with the Kibble branch are the derivatives of the
superpotential with respect to ¢; and ¢5. The F-terms can be written as

1 i1} A A igih\ azal, __
fala’l = (Qa1a2i1 Qa’la’zi’le 1+ Qauzziz Qa’laéi’ze 2)6 2 =0 )

2 s ~ < ’
Fagaé - (Qalazil Qallalgiﬁéllll + Qa1a2i2 anl 51 61212)6a1a1 =0. (5512)

gty

Dimension. Now let us compute the dimension of the F-flat space (i.e. the space
of the F-term solutions). Since there are two nodes in the skeleton diagrams, there
are 8 + 8 = 16 half-hypermultiplets, corresponding to 16 complex dimensional space.
The F-terms impose 5 complex relations. Hence, the F-flat space is 16 — 5 = 11
complex dimensional. Due to the AN/ = 2 supersymmetry, the D-terms also impose 5
complex relations. Hence, the Kibble branch is 11 — 5 = 6 complex dimensional, in
agreement with (5.3.2).

The Hilbert series of the F-flat space. This is given by
F(t, 21, 20, 1, 03) = C(t, 21, 29, &1, 22)PE[[1; 1; 1; 0]t + [1;1;0;1]¢] , (5.5.13)
where [a; b; ¢; d] = [a],, [b].,[c]+,[d]+, and
C =1—1*([2:0;0;0] + [0;2;0; 0]) + ¢* ([2:2; 0; 0] + [2; 0; 0; 0] + [0; 2; 0; 0] + [0; 0; 1; 1])
—t° ([1;1;1;0] + [15 1505 1]) — £°([2;2; 0; 0] + 1) + ¢7 ([1; 13 150] + [1; 1; 0; 1])
—t%([0;0; 1;1] + 1) . (5.5.14)
Setting z; = 2o = 1 = 19 = 1, we obtain the unrefined Hilbert series:

1+1t)(1+ 4t +5¢6%)
(1—t)H

The pole at t = 1 is at order 11, so the F-flat space is 11 dimensional as expected.

F(t,1,1,1,1) = (

(5.5.15)
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The Kibble branch Hilbert series. This can be obtained by integrating over
the gauge fugacities:

ga, (t, 1, 29) = /dNSU(Q)(Zl)dMSU(Z)(ZQ)JT:b(t;Zla227«7717552) : (5.5.16)

where the Haar measure of SU(2) is

1— 22
/d,uSU(g)(z) :f dz . (5.5.17)
|z|=1

z

Evaluating this integral, one obtain a rational function of ¢, x1, x5 whose power series
is given by

o0

Z 21 4 m; 2ny + m]t2m T2 Em

ni,n2,m=0

1
1—t4

9A1 (t7 Zy, x2) —

+[2n1 +m + 1;2ny + m + 1]Ertnetzmd (5.5.18)

Note that this expression is invariant under a permutation of the two external legs.
The permutation group Sy acts on exchanging the legs and the Hilbert series on the
Kibble branch is an invariant function of this Ss.

The unrefined Hilbert series is
(14 %) (14 3t* +t)
(1 —1¢2)8

Note that the Kibble branch is indeed 6 complex dimensional, as expected. The

ga,(t,1,1) = (5.5.19)

plethystic logarithm of (5.5.18) is given by
PL [ga, (t, 21, 22)] = t*([2;0] + [1;1] + [0;2]) — ¢* ([1; 1] + 2[0; 0]) + ... .(5.5.20)

The generators are listed in Table 5.2.

Since SU(2) x SU(2) = SO(4), it can be seen the generators transform in the
10 dimensional second rank symmetric representation? (i.e. [2,2] + [0,0]) of SO(4).

Note that the A; theory with the U(2) x U(2) gauge group is considered in
§4.2 of [14], where two generators, namely MI%;H and M2[11;1}’ are set to be equal due
to imposing the F-term relation for the U(1) part. However, such a relation is not
imposed in our analysis.

The stickman model

The skeleton diagram of the stickman model is depicted in Figure 5.8. This model
can be obtained from gluing the tadpole theory with the T theory along the external
legs.

4We denote the SO(4) 2-dimensional spinor representation and its conjugate respectively by
[1,0] and [0,1]. Therefore, the SO(4) vector representation is [1, 1], and the second rank symmetric
traceless representation is [2, 2].
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Representation of the global Generators

SU(2) x SU(2)

) [2;0] ! :

[2; 0] Mo = e 1e%2 Qg 050, Qatayiy
. L1 _ ara) _apal A

[1’ 1] Mi1i2 = e Qa1a2i1 Qa,laéi2
. 0:2] _ aia! _azal, O N

[0; 2] Mgy, = €€ Qasagiy Qaj i

Table 5.2. The generators of the A; theory and the representations in which they trans-
form.

Figure 5.8. The stickman model

The Hilbert series can be obtained as follows:
gman(ta Xy, l’g) = / dMSU(Q) (Z)ng (t, Xy, T2, Z)gglue(ta Z)gtadpole(ta Z) ) (5521)

where g7, is given by (5.4.3), gadpole 1S given by (5.5.5), and the gluing factor ggye is
given by (5.4.9). In order to evaluate this integral, we use the the identities (5.4.12)
and follow (5.4.13) and (5.4.14). The result is
1 o
1_ 4 Z [277,1 +m; 2712 + m]t2”1+2"2+2m
ni,n2,m=0

+[2n1 +m + 1;2ny + m + 1]g2ratemetamd (5.5.22)

gman(ta Zy, $2) =

Note that (5.5.22) is equal to (5.5.18). This is a consistency check of the duality
conjecture.

5.6 Theories with Zero External Legs

In this section, we focus on the theories with no external legs. This class of theories
has a number of interesting features. Let us mention one of them as follows. From
(5.3.2), the Kibble branch of these theories is 2 complex dimensional, or equivalently
1 quarternionic dimensional. Note that a non-compact hyperKahler manifold with
1 quaternionic dimension is also known as the asymptoptic locally Euclidean (ALE)
space. Hence, we expect the Kibble branch of the theories with no external leg to
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be C2/T, where I is a finite subgroup of SU(2). Later we show that I' = D,,, for g
the genus of the skeleton diagram.

In the subsequent subsections, we discuss this class of theories in detail.

5.6.1 The theories with genus two (g =2,e =0)

There are two skeleton diagrams corresponding to (¢ = 2,e = 0). The first one,
which we will refer to as the Yin-Yang diagram?®, is depicted in Figure 5.9(i).
The corresponding quiver diagram is given in Figure 5.9(ii). The SO(4) = SU(2) x
SU(2) gauge group comes from the two SU(2) gauge groups corresponding to the
left and the right arcs in the skeleton diagram. The two lines correspond to the 8
half-hypermultiplets (i.e. two nodes in the skeleton diagram). The second skeleton
diagram, which we will refer to as the dumbbell diagram, is depicted in Figure 5.10.

We subsequently compute the Hilbert series of the Yin-Yang model and the
dumbbell model and show that they are equal. This again demonstrates that the
Kibble branch depends only on the topology of the skeleton diagram, but not on
other details of the diagram.

Figure 5.9. (i) A skeleton diagram with (¢ = 2,e = 0). We refer to this diagram as the
Yin-Yang diagram. (ii) The corresponding quiver digram. The SO(4) = SU(2) x SU(2)
gauge group arises from the two SU(2) gauge groups corresponding to the left and the
right arcs in the skeleton diagram. The two lines corresponds to the 8 half-hypermultiplets
(two nodes in the skeleton diagram).

O—C

Figure 5.10. (Dumbbell) Another skeleton diagram with (g = 2,e = 0).

The dumbbell model

The skeleton of the dumbbell model is depicted in Figure 5.10. This model can be
obtained by gluing the tails of two tadpoles. Therefore, the Hilbert series of the

/e
5The name comes from the Yin-Yang symbol ‘\3.
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Kibble branch of this model is

gD<t) = /dMSU(2)(Z)gtadpole<t7 z)gglue(ta Z)gtadpole<t7 Z)

B dz | o (1 = tH2PE [2[1].t + 2[2].27]
- 7{421?( =) PE [[2].7]

1—1¢8
:(1—ﬁX1—#V' (5.6.1)

where the gluing factor ggue(t, z) is given by (5.4.10) and gradpole(t, 2) is given by
(5.5.5). Observe that the Kibble branch is a two complex dimensional complete
intersection. There is one generator at order t2, two generators at order t*, and one
relation at order 3. Note that this is the Hilbert series of C2/Dy [13].

The generators of the moduli space

The dumbbell model has three SU(2) gauge groups: one corresponds to the left
loop (denoted by SU(2);), one corresponds to the line (denoted by SU(2)2), and one
corresponds the right loop (denoted by SU(2)3). In an A/ = 1 notation, the matter
content is tabulated in Table 5.3. The superpotential, according to (5.2.1), is

/ / /
— a1ay bib) _aza; ara) 10181 asal aja) bib) ;0203
W = Qa1bla2 Qa’lb’la’2<¢1 e e ¢ 1¢1 €52 e e 1¢2 )

~ ~ / / /
+Qa3b3a2 Qaébéaé<¢§3a3eb3béea2al2 + €a3ag¢?’3b3ea2a’2 + Ea3aé€bgbg¢;2a2) . (562)

Field Gauge | Gauge | Gauge
SU(2); | SU(2)y | SU(2)3
vl @ ) o | [
Qalbllaz 2]+[0] | 0] [0]
o [ @[ o
0 | o | B
Qasbsaz [0] 1] 2+ 0]

Table 5.3. The matter content in the N' = 1 language of the dumbbell theory.

Note that on the Kibble branch the VEVs of ¢1, ¢, ¢3 are zero. Hence, the
non-trivial F-terms come from the derivatives of ¢1, ¢o, ¢3:

b1b) _asal B
€ e 2<Qa1b1a2 Qa,lbllaé + lealaQ Qb’la’laé) =0,
/ ’ , , o~ ~
airay bib azal, bsb B
€I bas Qa’lb’la; + €™ Q, paan Qagb’ga; =0,

bsbl, asal (3 3 3 3
€? 36@2&2(Qa3b3a2 Qaébéaé + ngagaz ngagaé) =0. (563)
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The generator at order ¢? is
M = P12 Q0 Quboa - (5.6.4)
The generators at order t* are

__a1by _a\b, _asbs al bl
Bl =€ € ! 16 € 2 QQalblazUbeIQ Qallbllal2 )

By = el eazbz a2ty Qarbras Unyy, éagbéa’z : (5.6.5)
where
Unsa, = €€ Q4110 Quiya, - (5.6.6)
Note that by the second F-terms in (5.6.3), it follows that
€3 sl @a3b3a2 @agbga; = —Ugyay, - (5.6.7)

Other order 4 operators can be expressed in terms of M, B; and B, as follows:

e Using (5.6.6) and the first F-terms in (5.6.3), we obtain

detU = %e@‘vea&b& Unsat,Unty, = %Bl. (5.6.8)
e Consider the operator
gl = ¢%3b3 ab3 ca2b2 carby é%bg@Ub?bé éagbgag ) (5.6.9)
From (5.6.7) and (5.6.8), we have
By = —e" 22U, Uy = By . (5.6.10)

The relation between the generators

In order to obtain the relation, we start from the following identity which is true for
any symmetric matrix Uy,.

(GabAaBb)2 det U + <€aa/€bb/AaUa/b/Bb)2 - (EaalﬁbblAaUa/b/Ab)(ECCIEddlBCUC/d/Bd) =0.

(5.6.11)
Taking U to be as in (5.6.6) and taking
Agy = € Quhras, Bay = €% Quyuay » (5.6.12)
we obtain
M?detU + B2 — BB, =0 . (5.6.13)
Substituting in it the identities (5.6.8) and (5.6.10), we obtain
2M*By + B + B3 =0 . (5.6.14)

Note that this is indeed the relation of C?/D3.%

Note that the relation for C2/Ds can be written as u? 4+ v2w = w? (see e.g. [13]), where in this
case u = iBy,v = \@M,w = —B;.
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The Yin-Yang model

In this subsection, we compute the Hilbert series of the Yin-Yang model from the
N =1 quiver diagram depicted in Figure 5.11. The bi-fundamental hypermultiplets
are denoted by Q¢ and ¢, where we use a,b,c = 1,2 to denote the SU(2) indices
and ,7,k = 1,...,4 to denote the SO(4) indices. The adjoint fields in SU(2) and
SO(4) are denoted respectively by ¢ and . The superpotential is

W = (@i Q% — 67 Qi oa@%) + (abdf ¢ — 67 ¢ oarq?) . (5.6.15)

where the SU(2) indices are raised and lowered using the epsilon symbol and the
SO(4) indices are raised and lowered using Kronecker’s delta.

e

Figure 5.11. The N = 1 quiver digram of the Yin-Yang model. The superpotential is
givenby W=(Q-¢-Q-Q-¢-Q)+(¢-¥-q—q-9-q).

The F-flat space. Since we focus on the Kibble branch, the vacuum expectation
values of ¢ and 1) are zero. Therefore, the non-trivial F-terms associated with the
Kibble branch are the derivatives of the superpotential with respect to ¢ and ¥:

(Fp)™ = 69(QiQ5 + qiq}) =0,
(Fo)ij = €an(QF Q) +aiq;) =0 . (5.6.16)

The F-flat space is 9 complex dimensional. The fully refined Hilbert series (with
the SU(2) gauge fugacity z and SO(4) gauge fugacities wq,ws) is too long to be
reported here. Setting all of the gauge fugacities to unity, we obtain the unrefined
Hilbert series

1+ 7t 41982 + 2183 + 7t* + 5

Ftyz=1w =wy=1) = (L (5.6.17)
The Kibble branch Hilbert series. This can be obtained as follows.
gyy(t) = /dﬂSU(2)<2)dMSO(4)(wlaw2) Fo(t, 2, wi,ws) (5.6.18)

where

d d
/M50(4)(w1,w2) = 7{ & ] (1 - ﬂ) (1 —wiwq) . (5.6.19)
Jw

=1 W1 Jjws|=1 W2 Ws
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The result of the integrations is

11— 1+t
grv(t) = A=) —t92  1-e2>1+e) (5.6.20)

Observe that this Hilbert series is identical to that of the dumbbell model (5.6.1).

The Ying-Yang model from gluing the two legs of the A; theory

The skeleton diagram in Figure 5.9 of the Yin-Yang model can be obtained by gluing
the two external legs of the A; theory, whose skeleton diagram is depicted in Fig-
ure 5.6. Note that since this gluing process involves a self-gluing, the gluing factor
does not take its canonical form (5.4.9). Rather, we propose that for the equation

gyy(t) = /d,ugU(g)(z)gglue(t,z)gAl(t,z,z) (5.6.21)

with gyy (t) and ga, (¢, z,y) given respectively by (5.6.20) and (5.5.18), a solution for
Gelue(t, 2) 18

2641+ 12
Gatue(t,2) = 1 — [2].4% + ﬁ (5.6.22)
This solution can be verified using the following identities:
1
2n1+2n2+xm __
/d,u(z) n1nz2m[2n1 +m|.[2ne +m], ¢ = A=m =
t2+X

A=t (1-1)

212 4+ 4 4 tx — tiFx
(1 —1¢4) (1 —1tx)

/ du(z) D [2:[201 + ml.[2ny +m], 2mr2men -

ni,n2,m
127X (1 + 2t2)
2n12no+xm—+x+2 __
/d,u(z) > [2:2n1 + m o+ 12200 + m 4 1], £271F202 = T
ni,nz2,m
(5.6.23)
Indeed, for x = 2, we obtain the Hilbert series for the Ying-Yang model,
1 2t4(1 + t2) 1+t
t) = 1
orv(l) = 15 K s ) (1—12) (1 - t%)
2 t4 (14 2t%) + 3t2 + ¢4 — t°
(1—1¢2)(1 -1t
1+t
= i (5.6.24)

(1—2)*(1+12)

as expected.
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5.6.2 The theories with genus three (g = 3,e =0)

There are three phases of theories with genus 3 and zero external legs. Their skeleton
diagrams are depicted in Figure 5.12, Figure 5.13 and Figure 5.14.

Figure 5.12. The three-loop linear model with zero external legs (TLMZ)

Figure 5.13. The tablet model. Left: The skeleton diagram. Right: The N = 2
quiver diagram. Note that each SO(4) = SU(2) x SU(2) gauge symmetry arises from the
SU(2) corresponding to the chord and the SU(2) corresponding to the arc sharing the
same endpoints with the chord.

Figure 5.14. The Mercedes-Benz model

The three-loop linear model

In this subsection, we derive the Hilbert series of the TLMZ using the gluing tech-
nique.

Let us first consider the Hilbert series of the two loop linear model with one
external leg depicted in Figure 5.15. This is given by

g(g 2,e= 1)( ) /d,uSU ( )gA1 (ta Z?'r)gglue(ta Z)gtadpole(ta Z) ; (5625)

where giadpole 1S given by (5.5.5) and g4, is given by (5.5.18).
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Figure 5.15. The two loop linear model with one external leg.

We can evaluate this integral by using the following identities (which are a
generalisation of (5.4.12)):

(1—1¢%) (14t —2hatx)

/ du(z) Y Gaelt 2)[2n + ml[2nf + m], Pretxam R’

- 1 — tx1txe
s
/ A=) Y Gaelt,2)2ns + mla[2nf + m! 4 1] g2 txamt2niixam’ Tﬁ%

ng,m,nl,m’
/ da(z) D> Gamelt, 2)[2ns +m + 1]z [2nf + m/] 2 bamtnaem’ tl—(iilt)

ng,m,nfs,m’
/ () 37 Gunelt )20+ o+ 1o [2ny 4 4 1] en - ﬁ% -

e (5.6.26)

Observe that for x; = x2 = 1, we obtain the identities (5.4.12).

For our problem, the A; theory has x; = 2 and the tadpole theory has y, = 1.
The first and the second identities of (5.6.26) contribute to

1 [(1 =) 1+ —¢Fhabte)  pet2opa (] —¢2)
1—t4 1 —patxe t 1 — patxe

+
1_tX1+X2 ZtX1 x2Jm (5.6.27)

The third and the fourth identities of (5.6.26) contribute to
1 [tw? 2 (1—¢%)  patetd. (1 — tQ)]

1—t4 1 — patx2 1 — patxe
POt S emt (a e 2)
_ _ 1+x2)m+(x1+xz2
Y. . (5.6.28)
m=0

Putting y1 = 2, x2 = 1, we obtain the Hilbert series for the two loop linear model
with one external leg as

o0

> 2ng A+ mltP I 4 20y 4 m o+ 1EPT(5,6.29)

ni,m=0

1
1—tt

Glg=2.e=1)(t, ) =

Now we compute the Hilbert series of the TLMZ (Figure 5.12). This is given
by

gTLM(t) = /dMSU(2) (Z)g(g=2,e:1) (t> Z)gglue(ta Z)gtadpole(ta Z) . (5630)
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We use the identities (5.6.26) with y; = 3 for the (g = 2,e = 1) theory and x = 1
for the tadpole theory. Following (5.6.27) and (5.6.28), we obtain the Hilbert series
of the TLM as

1 1 t° 1+ 1—t7
groll) = 75 (1 BT t4> A=~ (1= o8

Observe that the Kibble branch is a two complex dimensional complete intersection.

There is one generator at order t% two generators at order t*, and one relation at
order t'%. Note that this is the Hilbert series of C*/D, [13].

The generators of the moduli space

Figure 5.16. The three-loop linear model. The nodes are labelled by Q', ..., Q% and the
gauge groups are labelled in red.

Let us label the nodes and the gauge groups according to Figure 5.16. The first
generator at order 4 is

__aiby _asbs _aszbs asbs asbs agbg M1 2 3 4
M = 7120 Q0 Diasas Dsbras Losaghs - (5.6.32)

Another generator at order 4 is

_aiby a'b’ _asba _albl H1 1
Bl = € €“1P1¢ €2 2Qa1b1a2Ub2b/2 Qaﬁbllalz 5 (5633)
where
_ _aial b, H1 1

Uagaé = € letmt Qa1b1a2 Qallblla/z . (5634)

The generator at order 6 is

_ _a1bi _asbs _albl, asbs asbs _asbs agbe M1 2 3 4

By = et e e e M e e Q0 Unat, Qut agay Qiosbaas Losagss (5-6-39)

5.7 The General Formula for Any Genus and Any External
Leg

As we have seen from several example above, we claim that the Hilbert series for a
theory with genus g and e external legs is

g(g,e)(t, Tl ’xe) - 1 _1 t4 Z Y Z Z ([2”1 + m,... 7277/6 + m] t2n1+”'+2ne+xm

n1=0 Nne=0 m=0

+[2m +m+ 1., 20, +m 1] P Pe i) (5.77)
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where y = 29 — 2 +e.

Observe that this expression is invariant under any permutation of the e ex-
ternal legs. The permutation group S, acts on exchanging the legs and the Hilbert
series on the Kibble branch is an invariant function of this S,.

We prove this formula by induction in Section 5.7.4. Below we discuss inter-
esting special cases of e =0 and e = 1.

5.7.1 Special case: e =0

The formula (5.7.1) reduces to
1 — ¢4 1+ %9
e=0)(1) = = . 5.7.2
9(g.e=0)(t) (1—t1) (1 —t29-2) (1 —t29)  (1—t4) (1 —t292) ( )

This Hilbert series indicates that the Kibble branch of a theory with genus g and

zero external legs is a two complex dimensional complete intersection. This space is
isomorphic to C?/Dg; [13]. There are generators at orders 4, 2g — 2 and 2g subject
to one relation at order 4g.

One can write down the generators explicitly as follows. Consider the g-loop
linear model with no legs depicted in Figure 5.17. Let us denote the nodes by
Q. ..., 0% 2 from left to right.

Figure 5.17. The g-loop linear model with no legs

The generator at order t?=2 can be written as

__ _a1by _azbs Lazbs asg—3b3g—3 M1 2 2g—2
M = "7 e®2e®™ | €079 Q 10 Qosasas - - - Dby sasy_shag_s - (0-1-3)

Observe that M is a product of all Q’s.

The generator at order t* can be written as

_ _aiby a'b’ _asby albl, A1 1
Bl =€ €1te €7 2Qalb1az(]b2b/2 Qa’lb’la’2 ) (574)
where
_ _aial bib 1 1
Ua2a/2 =€ le 1Qa1b1a2 Qallblla/2 . (575)

Observe that By involves in only the leftmost node Q;.

The generator at order t*¢ can be written as

_ _aib1 _a2b2 aIQb/Q azbs a3g—3b3g—3 M1 2 29—2
By = e"171e™72e%272¢43%8 | ¢ Qarvnas Upatt, Datasas - - - Dby sasy_sbays (0= 1-6)

The relation at order t% is given by

2M?By +B{ +B5=0. (5.7.7)
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5.7.2 Special case: e =1

The formula (5.7.1) reduces to

1 o0
Yge=1(t, ) = 1_ 4 Z ([2n +m] "X 20+ m - 1] t2n+Xm+x+2)
n,m=0
= (1= )PE[[2)¢" + [1P] (5.7.8)

where in this case y = 2¢g — 1. Setting = = 1, the unrefined Hilbert series is

1— 4
9(9,6:1)(t= 1> = (1 _ t2)3(1 _ t29—1>2 :

(5.7.9)

The Hilbert series indicates that the Kibble branch is a four complex dimensional
complete intersection. The generators at order 2 transform in the SU(2) representa-
tion [2] and the generators at order x = 2g — 1 transform in the representation [1].
There is one relation at order 2y + 2 = 4g.

One can write down the generators explicitly as follows. Consider the g-loop
linear model with one leg depicted in Figure 5.18. Let us denote the nodes by
Q. ..., 0% ! from left to right.

Figure 5.18. The g-loop linear model with one external leg

The generators at order t? can be written as

Mili’l = ' Q! Qtlz’b’z”l . (5710)

abiq

Observe that M involves in only the leftmost node Q.

The generators at order t29~! can be written as

_ _a1b1 _asbs _asb azg_ob3g_ 1 2 3 2g—2 2g—1
Bi = 310102020303 A3g—203g QQalbli azbgang3a4b4 .. Qagg74b3974a3973 nggi3a3572b3972 .
(5.7.11)
Observe that B is a product of all Q’s.
The relation at order t% is of the form
(det M)g = f(g)Miligle Bj2€ilj1 6i2j2 y (5712)

where f(g) is some function of g. As an example, for ¢ = 1, we have f(g) = 0 and
so the relation is det M = 0 (c.f. (5.5.7) of the tadpole model).
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5.7.3 The total number of generators for any ¢g and e.

In this subsection, we count the generators in a theory with any given g and e.

Let us focus on the case in which x = 2g — 2+ e > 2. The plethystic logarithm
of (5.7.1) is

PL [g(gﬁ)(t,xl,...,xe)] = ([2,0;...;0] +[0;2;...;0] +...4+[0;0;...;2]) ¢

+[L 1 4 (5.7.13)
This indicates that the generators at order ¢ transform in the representation [2;0;. . .; 0]+
[0;2;...;0]+...40;0;...;2] of SU(2)¢ and the generators at order X transform in
the representation [1;1;...;1] of SU(2)¢. Hence, there are 3e generators at order ¢

and 2¢ generators at order tX.

For y = 1, there are only two theories, namely the 75 theory and the tadpole. In
the former, there is precisely one generator Q;j;. In the latter, there is also precisely
one generator M;; given by (5.5.6).

5.7.4 The inductive proof of the general formula

In this subsection, we prove the formula (5.7.1) by induction. A key assumption we
make here is that theories corresponding to different graphs with the same genus and
the same number of external legs possess the same Hilbert series. This assumption
is based on the conjecture that such theories are related to each other by S-duality
and has been demonstrated by several examples so far.

We are arguing that
1. Eq. (5.7.1) is true for (¢ =0,e =3) and (g = 1,e =1).
2. Eq. (5.7.1) for (g,e = 1) implies Eq. (5.7.1) for (¢ + 1,e =1).
3. Eq. (5.7.1) for (g, e) implies Eq. (5.7.1) for (g,e + 1).

After proving these steps, we establish the formula (5.7.1) for non-trivial cases. The
special case (g,e = 0) follows immediately as discussed above.

Step 1. This can easily be done. For (¢ = 0,e = 3), we consider the Ty theory
(5.4.3). For (g =1,e = 1), we consider the tadpole theory (5.5.5).

Step 2. Assume that Eq. (5.7.1) is true for (g,e = 1). We glue a theory with
(g =1,e =2) to the (g,e = 1) theory along the external legs. Hence,

9(g+1,e:1)(t,90) = /d,uSU(Q)(Z) g(g,e:l)(taz)gglue(ta 2)9(9:1,6:2)(?572’,@ (5-7-14)
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To evaluate this, we use the identites (5.6.26) with x; = 29—2+4+1 = 2g—1 and x2 = 2,
and follow (5.6.27) and (5.6.28). We then obtain the expression for (¢ + 1,e =1) as

1 o oo
g(g+1,e:1) (t, g(;) — 1_ t4 Z Z [2711 + m] t2n1+(29+1)m

ni =0m=0

+ [2n + m 4 1] PR hm+2043) (5.7.15)
This is in agreement with (5.7.1) for (g + 1,e = 1).

Step 3. Now assume that Eq. (5.7.1) is true for (g,e). We glue the T, theory to
the the (g, e) theory along the external legs. Hence,

Gger) (L T1, . Teqr) = /du(z) Gge)(t 1,5 Tem1, 2) Gatue(t, 2) 91 (t, 2, ey Tey1) -
(5.7.16)

To evaluate this, we use the identites (5.6.26) with xy; =2g — 2+ e and x, = 1, and
follow (5.6.27) and (5.6.28). We then obtain

1 o0 ) 00 i
g(g,e+1)(t, X1, .. ,$e+1) = 1—4 Z R Z Z ([2711 +m, ..., 2N + m] 2t 2ner1txm

n1=0 Ne+1=0 m=0
+ 201 +m 1, 2nep + mo4 1] e XM

(5.7.17)

where ¥ = x1+x2 = 29 —2+ (e+1). This is in agreement with (5.7.1) for (g,e+1).

5.7.5 The general formula in terms of products
The general formula (5.7.1) can actually be rewritten in another form involving
products. In order to do so, we use the identity

fult, ) =Y 204 m]t™ = (1= 12) ([m], — [m — 2,#*) PE [[2]t*] . (5.7.18)

n=0

Then, it is immediate that

(txm H fm(tv 371) XX H fm+1(t> xz)) :

1 )

g(g,e)(tv L1y 7':C€> = 1— t4 Z
= i=1 i=1

(5.7.19)

m=0
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Appendix A

Appendix to Chapter 5

A.1 The unbroken U(1)! gauge symmetry on the Kibble branch
of the theory with genus g

A.1.1 A theory with genus one

As we state in Section 5.3, at a generic point on the Kibble branch the SU(2) gauge
symmetry is broken to U(1), corresponding to the genus of the skeleton diagram.
In this subsection, we prove to this statement by showing that two of the three
components of the scalar field ¢ in the SU(2) vector multiplet become massive and
the other component remains massless.

In this subsection, it is convenient to work with SU(2) adjoint indices A, B, C' =
1,2,3. We take the generators of the SU(2) group to be T4 = ¢ /2, where o are
the Pauli matrices. We note the identity

1 1
(TA)ab(TB>bc — Z_JL(SAB(S(JLC + §Z~€ABC(TC>aC ) (A.l.l)
The adjoint fields can be written as
¢y = oM (TH), P =1 (T P = 5 (T)% (A.1.2)

where 4, 1, 5 are complex numbers. We emphasise that SU(2) fundamental in-
dices a,b,a’, b’ are raised and lowered using the epsilon symbol. The superpotential
(5.2.5) can then be rewritten as

l
W = 56ABC¢A@f¢§ . (A.1.3)

The equation of motion of the F auxiliary field corresponding to ¢ and ¢S is the
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(minus) derivative of W with respect to »{ and .

—FC = 8W 1 ABC A B

oW i
_po - W @ apeya p A4
2 6%020 26 gb 901 ( )

The potential V contains the terms (F)*FC + (FS)*FE, where

(Flc)*Flc _ ((bA) (bA( )* B’ ABC A’B’C

- }1<¢A>*¢A<w2 R R A
() FS = {00640l el = 160"l . (A1)

These terms in the potential give rise top the mass terms of ¢:

(FO) R+ (Fy) Fy = m*P ¢ (o), (A.1.6)
where the mass matrix m4? can be determined by the second order derivative
AB 0 C\* nC C\* nC
m :3¢Aa(¢3)*[(F1)F1 +(F2)F2}
1 . .
= 7 [0 () el = () el + (1= 2) (A.1.7)

The three eigenvalues of the mass matrix m“? are

mlz}lU, mQZ%(U+\/U2—16(fA)*fA>, mg = %( — U~ 16(fA) fA).

where U is the sums of the quadratic casimirs

U= (7)) 07 + (95)"¢5 (A.1.8)
and f# is the derivative of W with respect to ¢** (which is zero because of F-terms):

ow 1
A= 508 = 3 ePCOPpT =0 . (A.1.9)

Thus, the mass eigenvalues are

mlz—U, mQZ—U, mgzO.

4 4

Indeed, two components of ¢ are massive (and each of them has mass U/4) and the
other component is massless.
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Figure A.1. For a loop, there are nodes on the loop. Each node is attached to two lines.

A.1.2 A theory with genus g

In this subsection, we give an argument that, for a theory with genus g, there is
an unbroken U(1)¢ gauge symmetry at a generic point on the Kibble branch. As a
special case, in Appendix A.1.1, we show that for the tadpole theory (¢ = 1), the
unbroken gauge symmetry is U(1).

For a given loop, there are nodes and legs that go around it, as depicted in
Figure A.1. Consider a node and two lines which are attached to it. These two lines
give rise to V' = 6 gauge fields in the vector multiplets (3 from each line). The node
itself gives rise to H = 4 hypermultiplets.

After the Higgs mechanism, three gauge fields become massive and hence we
are left with V' = 3, H = 1. If the line is external, this H = 1 hypermultiplet
contributes to the dimension of the Kibble branch. Therefore, this effective process
replaces a node with the two lines by a single line. Thus, one can keep eliminating
nodes in such a way until the end result is a loop. For such a loop, there is an
unbroken U(1) symmetry (from Appendix A.1.1). One can proceed in this way for
all loops, and concludes that for a theory with genus g, there is an unbroken U(1)Y
gauge symmetry at a generic point on the Kibble branch.
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