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ABSTRACT

This thesis investigates the interplay between geometry and supersymmetric quantum field the-
ory, intending to develop a systematic framework for constructing and analyzing field theories
associated with non-toric singular geometries. A central role is played by quiver gauge theories,
which provide a bridge between geometric data and field-theoretic structures, both in the context
of probe brane dynamics and in geometrically engineered theories.

The first approach developed in this work examines D2-branes probing twofold and threefold
geometries characterized by a background adjoint scalar field ®. This field couples to the probe via
superpotential deformations of the worldvolume theory, providing a framework for the systematic
derivation of three-dimensional N’ = 2 quiver gauge theories associated with compound Du
Val (cDV) singularities—a class of non-toric geometries that arise naturally in the Higgs field
construction.

The second approach that we apply to these geometries is studying the five-dimensional su-
perconformal field theories arising from M-theory reduced on these geometries. In particular, new
infinite families of SCFTs are constructed from abelian orbifolds of the Reid Pagoda singularity.
These constructions give rise to theories of arbitrary rank, including an infinite class of rank-one
theories that can be understood as non-toric deformations of local F5. A distinctive feature of
these models is the presence of an additional matter sector, referred to as Pagoda matter, whose
vacuum expectation values obstruct the resolution of the underlying geometry. This obstruction
is shown to correspond, from the field-theoretic perspective, to a mechanism termed the freezing
of the gauge coupling: the Kahler modulus controlling the inverse gauge coupling is dynamically
forced to vanish, preventing access to a weakly-coupled regime and rendering the theory intrin-
sically strongly coupled. The origin of this phenomenon is traced to the interplay between Higgs
field backgrounds and dynamical geometric deformations.

More broadly, the results of this thesis suggest that non-toric geometries support a richer
structure of quantum field theories than previously understood, and that additional geometric
data, not captured by the naive local description, may play a role in determining the physical
content of the theory.

1ii



iv



CONTENTS

Acknowledgements

Abstract

Table of contents

Introduction

Content organization

I QFT engineering in String Theory

1 From String Compactifications to Geometric Engineering

1.1

1.2

1.3
1.4

M-theory/Type IIA duality
D6-branes and the Taub-NUT solution . . . .
M-theory on local K 3 manifolds

1.1.1

1.2.1

1.4.1

1.4.2
1.4.3

The D6-brane worldvolume theory and its M-theory dual . . . . . . . ..
The Higgs field formalism: M-theory on deformed ALE surfaces . . . .. ... ..
Non-constant Higgs vevs: geometric engineering of rank 0 5d SCFTs . . . . . ..

The Conifold . . ... ... ... ... ....
C3

ADE-families, ® and the partial simultaneous resolutions . . .. ... ..

2 D-brane probes and quiver gauge theories

2.1
2.2

D3-branes probing ADE orbifold singularities
D2-branes probing ADE fibrations
Moduli space of vacua . . . . ... ... ...
3d mirror symmetry . .. ... ........

2.21
2.2.2
2.2.3
2.24

D2-branes probing an A, singularity and its mirror . . . . . .. ... ...

The A; T-brane and N = 2 mirror symmetry

3 5d SCFTs, BPS quivers and geometric engineering

3.1
3.2

Geometric engineering on local CY3: generalities
5d SCFTs and BPS quivers

4 The geometric toolkit: Algebraic Spaces and Singularities

4.1

4.1.1
4.1.2

Resolving singularities: the blow-up . . . . .
Resolution of surface singularities. . . . . . .

iii

viii

11

13
17
18
22
22
26
32
32
35
36

41
41
48
51
53
54
55

61
62
65



4.2

4.3

4.1.3 Smoothing singularities . . . . . . ... ... Lo oL 77

ADE classification and McKay correspondence . . . . . . .. ... ... ... ... 79
4.2.1 Resolutions and exceptional spheres . . . . ... ... ... ... ... . 81
4.2.2  Root lattice and hyperkéhler structure . . . . . .. ... ... ... .. .. 82
4.2.3  Semiuniversal Deformations . . . . . ... ... ... Lo 83
424 Compound Du Val singularities . . . . ... ... ... ... ... .... 92
Classification of threefold singularities . . . . . ... ... ... ... ....... 93
43.1 Simple flop classification . . . . . .. ... ... L Lo Lo 95
43.2 Universal Flops . . . . . . . . . . .. 97
4.3.3  Quivers and Universal Flopping Algebras . . . ... .. .. ... ..... 98
434 NCCR for Simple flops: The Reid Pagoda . . . . . .. ... ... ...... 105

II 3d Quiver Gauge Theories, 5d SCFTs and Canonical Singularities:

towards a systematic extension of the toric paradigm 109
5 A D2-brane view on Universal Flops 111
5.1 D2-branes and families of ADE surfaces . . . . ... ... ... ... ....... 114
5.1.1  A;-family from D2-branes and universal flop of length 1 . . . . . ... .. 114

5.1.2  ADE family from the D2- probe for generic ADE algebra . . . . . ... .. 117

5.1.3 Example: As-family from D2-branes . . . . ... ... ... ... .. ... 120

5.2 Universal flop of length 2 from D2-branes . . . . . . ... ... ... ........ 127
5.2.1  Universal flop of length 2 and the Higgsfield® . . . ... ... ... ... 127

5.2.2  D2-branes and universal flop oflength ¢ =2 . . .. . ... ... ... .. 130

5.2.3 Monopole operatorsas D2 states . . . . ... ... L L. 140

6 D2 branes at non-toric threefold singularities 143
6.1 D3-branes vs D2-branes probing CY3 . . . . . ... ... ... ... ... 148

6.2 N = 2 3d mirror symmetry: linear quivers . . . . ... ... ............ 149
6.2.1  Monopole superpotentials . . . . . ... ... L oL 153

6.3 cDV singularities and the Higgsfield . . . .. ... ... ... ........... 155

6.4 D2-brane probing a cDV threefold singularity . ... ... ... ..., ... .. 156
6.4.1 D2-brane probing an ADE singularity . ... ... ... ... ....... 157

6.4.2 Non-monodromic ADE fibrations . . . . .. ... ... ... ........ 158

6.4.3 Monodromic ADE fibrations . . . . . ... ... Lo L L 164

6.5 Reid’spagodas . . . . . . .. 168

6.6 Simple flopsoflength2 . . . . ... ... ... L oo 173
6.6.1 The geometry and the Higgsfield . . . . . ... ... ... ......... 173

6.6.2  Probing the threefold by aD2-brane . . . .. ... ... ... ... ..... 175

6.7 D2-brane probing a non resolvable cDV singularity: the (Ay, D,) three-fold . . . 179
6.7.1 Geometry and Higgsfield® . . . .. ... ... ... ... ......... 180

vi



6.7.2  D2-brane probetheory . . . . . ... ... ...

7 5d geometric engineering: simple flops and their orbifolds

7.1
7.2

7.3

7.4
7.5

7.6

The Parent Theory: Pagoda Flops . . . .. ... ... ... ... ..........
The Orbifold Construction . . . . . ... ... ... .. .. ... ... ....
7.21 Orbifoldingthe Pagoda . . . . . . .. ... ... ... .. ... ..
Geometry of the Moduli Space . . . . .. ... ... ... ... ... ... .. ...
7.3.1  The Determinantal Variety . . . . .. .. ... ... ... ... .......
7.3.2  Resolution and the Hidden Surface . . . ... ... ... ... .......
733 ThePagodinaCurve . . .. ... ... ... ... ... ... ...
7.3.4  The Matrix Dictionary . . . . .. ... ... .. ... . ... ..
7.3.5 Geometric loci via nilpotent quiver representations . . . . . . .. ... ..
Higgsing Pagoda-matter: Coupling frozenatoo . . .. ... ... ... ... ...
Physical Interpretation: Non-constant flavor background . . . . . . ... ... ..
7.5.1 The5dPerspective . . . . ... ... ... ...
7.5.2 Theview from D2-branes . . . . . ... ... ... ..o L.
More general orbifolds . . . . ... ... .. Lo Lo
7.6.1  Zy orbifolds of the Pagoda: generalization of the Zs case . . . ... ...
7.6.2  Z,, orbifolds leading to Conformal Matter . . . . ... ... ........
7.6.3  The General Abelian Orbifold Z,, X Zn . . . . . . . . . . . .. . ...

7.6.4  Orbifold of Reid Pagodas as deformations of toric orbifolds . ... .. ..
Conclusions
A
A.1 Supersymmetry in various dimensions . . . . . . .. ... ...

A2

B.1
B.2

Ci1

D.1
D.2

D.3

Canonical singularities: Absolute VS relative MMP . . . . . . .. ... ... ...
A21 Absolute MMP . . .. ...
A22 Relative MMP . . . . . . . L

Relation among A;, As, A3, B for { = 2 universalflop . . . . .. ... .. ... ..
Universal flop of length 2 from SU(2) with 4 flavors. . . . . ... ... ... ...

Levisubalgebras . . . . . . . . . .. ..

Quivers and path algebras . . . . . . ... ... oo
Quiver representations and f-stability . . . . . ... ... oL
D.2.1 From GLSMs to stable quiver representations . . . . .. ... .. ... ..
Kronecker quiver . . . . . . . . ...

vii

187
190
193
194
196
196
197
199
202
203
207
209
209
211
213
214
216
218
219

223

229
229
230
232
233

237
237
238

241
241



D3.1 fg-stability . . . . . .. 248

D3.2 Oy-stability . . . . . ... 249

D.4 The semistable representations of the Pagoda quiver. . . . . ... ... ... ... 256
D.4.1 Center of the Jacobianalgebra . . . . . . ... ... ... .. ... . ... 257

D.4.2 A remark on Schur representations . . . . . ... ... ... ... ... 258

D.4.3 Representations supported on the exceptionallocus. . . . . ... ... .. 258

D.4.4 Representations away from the exceptionallocus . . . . . ... ... ... 260
Bibliography 278

viil



INTRODUCTION

In the past three decades, string theory has provided a natural and mathematically controlled
framework for defining and investigating quantum field theories. A decisive development in this
direction was the introduction of D-branes by Polchinski [1], which opened the way to the real-
ization of a vast landscape of supersymmetric quantum field theories (QFTs), including many that
do not admit a conventional Lagrangian description. The success of this framework lies in the in-
terplay between geometry and field theory: when quantum field theories are embedded in string
theory, their properties are tightly constrained by the underlying geometric structure. In this
context, D-branes—viewed as submanifolds of the target space supporting their own worldvol-

ume dynamics—provide a natural bridge between geometric data and field-theoretic observables.

A particularly fruitful setting arises when D-branes probe singular Calabi-Yau geometries.
In such configurations, the low-energy dynamics on the brane worldvolume are governed by
supersymmetric gauge theories whose structure is encoded by the geometry of the singularity.
A seminal example is provided by the work of Douglas and Moore [2], where D-branes probing
ALE spaces give rise to quiver gauge theories. These constructions reveal that singularities are
loci where the dynamics of the worldvolume theory become especially rich, leading to enhanced

symmetries and novel degrees of freedom.

Quivers naturally emerge in this context as combinatorial structures encoding the gauge group
and matter content of the theory. However, their significance goes well beyond this initial inter-
pretation. In an appropriate regime, D-branes can be described as objects in the derived category
of coherent sheaves supported on compact cycles of the Calabi-Yau geometry. From this perspec-
tive, there exists an equivalence between such sheaves and finite-dimensional modules over the
path algebra of the associated quiver. As a result, quivers provide an algebraic encoding of the ge-
ometry itself. From a physical viewpoint, this correspondence is reflected in the spectrum of BPS
states of the geometrically engineered theory: stable sheaves correspond to BPS configurations,

and their classification is mapped to the study of stable representations of the quiver algebra.

Complementary insights arise from brane engineering constructions. In the Hanany-Witten
setup [3], supersymmetric gauge theories are realized using configurations of branes, where gauge
and matter content can be directly read off from the brane arrangement. These methods have
proven particularly effective in the study of D-branes probing toric Calabi—Yau threefold singu-

larities, where brane configurations provide a systematic way to extract the associated quiver data



even in geometries of considerable complexity.

These ideas admit a particularly powerful realization in the framework of brane tilings, or
dimer models, which provide a unified description of quiver gauge theories associated with toric
Calabi-Yau threefolds [4-11]. In this approach, the gauge theory data are encoded in a bipartite
graph on a two-dimensional torus, from which both the quiver and the superpotential can be
systematically derived. Brane tilings thus offer a complementary perspective to both direct brane
probing and geometric engineering, making explicit the relation between field-theoretic data and

the underlying toric geometry.

A key feature underlying the effectiveness of these constructions is the toric nature of the
geometry, which guarantees the existence of dual descriptions in terms of brane tilings and (p, q)
five-brane webs. These provide powerful combinatorial tools to extract the associated gauge the-
ories. Although various extensions of this framework allow one to move partially beyond the
toric setting [12-22], no general construction is currently known that applies to arbitrary non-
toric Calabi—Yau singularities. Importantly, however, the absence of a brane realization does not
imply the absence of an associated quiver description. Quivers arise from intrinsic geometric and
algebraic structures and therefore persist even when a direct brane-engineering picture is not

available.

Toric geometries thus provide a fundamental testing ground for field theory-geometry cor-
respondences, enabling the derivation of highly nontrivial and often exact results. At the same
time, the class of geometries of physical interest extends far beyond the toric regime. A prominent
example is given by five-dimensional superconformal field theories engineered from canonical
singularities, many of which are non-toric. In these cases, the lack of a combinatorial framework
significantly limits our ability to extract detailed information about the corresponding field the-
ories. Developing systematic tools to study such theories—particularly to determine their BPS
spectra and associated quiver structures—therefore constitutes an important open problem. A re-
markable step in this direction was recently made with the formulation of a generalised version
of toric polygons (GTP), in which a specific class of non-toric deformations of the CY geometry

is incorporated in 5-brane webs with 7-branes [13-15].

Among canonical Calabi-Yau singularities, compound du Val (cDV) singularities form a par-
ticularly important and tractable subclass [23]. The most well-known example is the Conifold
singularity. Contrary to the Conifold, most of them are non-toric. However, they retain enough

structure to allow for explicit analysis. Moreover, cDV singularities arise naturally in partial



crepant resolutions of canonical singularities, and thus play a central role in the geometric tran-
sitions underlying many constructions in string theory. For these reasons, they offer an ideal
setting in which to investigate the extension of field theory—geometry correspondences beyond

the toric regime.

The primary goal of this thesis is to develop a systematic framework to derive the quiver
associated with cDV singularities. To this end, we exploit their interpretation as fibrations of ADE
surface singularities over a complex curve. This allows us to build on the well-understood case of
D-branes probing ADE singularities, where the corresponding quiver gauge theories are known.
A key ingredient in our construction is an M-theory (Type IIA) realization of such fibrations, in
which nontrivial geometry is engineered by turning on position-dependent Higgs field vevs in
a seven(six)-dimensional gauge theory associated with the ADE singularity[19, 24-27]. These
Higgs fields parametrize complex deformations of the surface geometry, and their dependence on

a complex coordinate encodes the nontrivial fibration structure of the cDV threefold.

We probe these backgrounds with a D2-brane. The three-dimensional worldvolume theory
flows in the infrared to a supersymmetric gauge theory whose moduli space reproduces the geom-
etry of the singularity. This provides a direct and physically motivated procedure to determine
the associated quiver and its path algebra. The three-dimensional probe theories that arise in
this construction belong to the class of 3d N = 2 and N' = 4 supersymmetric gauge theories,
whose infrared dynamics have been the subject of extensive study over the past two decades.
A central tool in this context is three-dimensional mirror symmetry [3, 28, 29], an infrared du-
ality that exchanges Higgs and Coulomb branches of the moduli space and maps classical data
of one theory to quantum-corrected data of its dual. More recently, the systematic understand-
ing of monopole operators—local disorder operators carrying topological charge [30, 31]—has led
to powerful techniques for computing Coulomb branches as algebraic varieties [32-34] and for

analyzing the effects of monopole superpotentials on the vacuum structure of 3d theories [31, 35].

In this thesis, these field-theoretic tools are employed in a novel way: rather than studying
3d theories as objects of interest in their own right, we use them as probes of higher-dimensional
geometry. The key observation is that Higgs field backgrounds, which engineer non-trivial ADE
fibrations in M-theory, induce monopole superpotential deformations on the worldvolume the-
ory of the D2-brane probe. The presence of such terms breaks the enhanced N/ = 4 supersym-
metry to N/ = 2 and triggers a non-trivial RG flow. Tracking this flow—by combining mirror
symmetry, integrating out massive fields, and matching monopole and meson operators across

dualities—allows us to reconstruct the effective infrared theory and to extract the geometry of the



probed singularity from the moduli space of the resulting quiver.

This approach builds on a well-established tradition of employing 3d dualities and brane dy-
namics to extract geometric information [3, 28, 29, 36, 37]. The contribution of this work is to de-
velop it into a systematic method that applies to geometries beyond the reach of toric techniques.
In particular, the monopole superpotentials that arise in our construction are not introduced as
abstract deformations: their structure is entirely dictated by the Lie-algebraic data of the ADE
fibration, and the resulting RG flow can be tracked explicitly using mirror symmetry. This pro-
vides, as a byproduct, new families of 3d N' = 2 theories with monopole superpotentials whose
moduli spaces are exactly computable and admit a direct geometric interpretation as compound

Du Val singularities.

A notable outcome of this construction is that the quivers obtained from the probe analy-
sis suggest a richer structure for the five-dimensional theories engineered on cDV singularities.
Focusing on the class of Reid’s Pagoda singularities, we find that the departure from toricity is
encoded in specific superpotential terms, which render the moduli space of quiver representa-
tions non-reduced. From the perspective of the five-dimensional theory, these representations
are expected to correspond to hypermultiplet states; however, this identification appears to be in-

complete, as the standard notion of quantization does not readily extend to non-reduced schemes.

These results acquire particular significance when viewed in the context of the classification
of 5d SCFTs via M-theory compactifications on singular Calabi-Yau threefolds [22, 38-52]. A
guiding principle in this program is that the local geometry of the singularity should be sufficient
to determine the interacting fixed point. This expectation is well supported in the toric regime,
where the technology of (p, ¢) brane webs provides a systematic and combinatorially controlled

framework.

The cDV singularities studied in this thesis offer a concrete testing ground for this expectation
beyond the toric class. In particular, by considering abelian orbifolds of the Reid Pagoda geometry,
we construct infinite families of 5d SCFTs of arbitrary rank, whose BPS quivers and superpoten-
tials we determine explicitly. In the rank-one case, the resulting theories closely resemble those
associated with the local Hirzebruch surface o, a well-studied toric geometry. However, the non-
toric deformation inherited from the Pagoda parent introduces an additional matter sector—which

we call Pagoda matter—that has no counterpart in the toric model.

The vacuum expectation values of this matter sector obstruct the small resolution of the ex-

ceptional curve, dynamically forcing the Kahler modulus controlling the inverse gauge coupling



to vanish. We refer to this phenomenon as the freezing of the gauge coupling. Its physical conse-
quence is that the five-dimensional theory cannot be deformed to a weakly coupled gauge theory
regime: it is intrinsically strongly coupled, in a manner that is qualitatively distinct from the

familiar toric examples.

From a conceptual standpoint, this mechanism points to a tension with the locality assumption
underlying current classification schemes. The Pagoda and the conifold share the same local
geometry near the exceptional curve, yet they give rise to physically distinct five-dimensional
theories. The difference is traced to an obstruction in the global structure of the normal bundle,
which is invisible to the standard local analysis but has direct consequences for the spectrum
and dynamics of the theory. This observation suggests that the geometric data required to fully
characterize a 5d SCFT may be richer than what is captured by the local singularity type alone,
and that non-toric geometries may harbour physical phenomena not accessible within the current

classification paradigm.






CONTENT ORGANIZATION

This thesis is organized into two main parts. The first part develops the physical and mathematical
framework underlying the correspondence between geometry and quantum field theory. The
second part contains the original results of this work, where this framework is applied to the

study of non-toric Calabi-Yau singularities, in particular compound Du Val (cDV) threefolds.

Chapter 1. The chapter is devoted to establishing the physical background. We begin by re-
viewing string compactifications and geometric engineering, emphasizing how gauge theories
arise from singular Calabi-Yau spaces. In 1.2 we then analyze M-theory compactifications on ALE
spaces, where the correspondence between geometry and gauge theory can be made fully ex-
plicit. In 2 follows a discussion on D3 and D2-branes probing ALE surfaces and the description
of their worldvolume dynamics in terms of quiver gauge theories. Particular attention is given to
the role of Higgs field backgrounds and T-branes, which provide a mechanism for constructing
non-trivially fibered geometries and play a central role in the extension beyond the toric setting.
Section 3.1 reviews general features of M-theory geometric engineering on Calabi-Yau threefolds,
with focus on the classification of BPS states and moduli spaces of Kahler and complex structure
deformations. Section 3.2 is a brief review of BPS spectra of geometrically engineered 5d SCFTs

and the technology of BPS quivers.

Chapter 4. This chapter develops the mathematical tools used throughout the thesis. We in-
troduce the language of algebraic varieties and singularities, together with the basic operations
of resolution and deformation. We then focus on ADE surface singularities and their rich struc-
ture, including their resolutions, root lattice description, and semiuniversal deformations, in 4.2.
Building on this framework, we introduce compound Du Val singularities as higher-dimensional
generalizations and place them within the classification of threefold singularities (Sections 4.2.4
and 4.3). Finally, in 4.3.1, we review simple flops, their classification, and their algebraic descrip-
tion in terms of quivers and universal flopping algebras. This material provides the geometric

backbone for the constructions developed in the subsequent chapters.

Chapter 5. We develop a D2-brane probe description of families of deformed ADE surface sin-
gularities and their relation to universal flops. In particular, we show how universal flops of
increasing length can be realized and studied using probe branes, and we analyze the role of the

Higgs field in generating the corresponding deformations. This provides a first bridge between the



geometric/M-theoretic constructions reviewed in the introduction and three-dimensional gauge

dynamics.

Chapter 6. We extend this framework to the study of D2-branes probing non-toric Calabi-Yau
threefold singularities. After comparing D3- and D2-brane probes, we analyze three-dimensional
N = 2 gauge theories and the role of monopole superpotentials. We then apply these tools to
cDV singularities, both in monodromic and non-monodromic cases, and derive the corresponding
probe theories. Particular attention is given to Reid’s Pagoda geometries and to examples of length

2 flops and non-resolvable D-type singularities.

Chapter 7. We discuss geometric engineering on a specific example of a simple flop, that is, the
Reid Pagoda. We present its noncommutative resolution in the form of a quiver path algebra and
recover the singular geometry from the moduli space of a D0-brane representation. From the
analysis of the semistable quiver representations, we identify the presence of nonreduced moduli
spaces and discuss their implications for the interpretation of BPS states in the associated five-
dimensional theories. In order to include gauge interactions in the 5d theory, we consider abelian
orbifolds of Pagoda geometries. The construction leads to an infinite class of new non-toric BPS
quivers. In this context, we uncover a novel phenomenon, which we refer to as the freezing of the
gauge coupling. We discuss its physical significance and identify a possible origin by exploiting
the knowledge acquired with the D2-probe analysis of chapters 5 and 6.

Conclusions. We end with a summary of the main results and a discussion of possible directions

for future research.

Appendices. In A.1, we summarize the main features of supersymmetry with 8 real supercharges
in dimensions 3, 4, and 5. In A.2, we integrate the discussion on the classification of canonical
singularity with a review of the Minimal Model Program in the sense of Reid [53] and in its
modern formulation. In B, we develop in more detail some of the computations of Chapter 5.
In C we provide a practical definition of Levi subalgebras of Lie algebras. In D we discuss the
representation theory of quiver path algebra following [54] and [55]. We present two examples:

the 2-Kronecker quiver and the Pagoda quiver.

Original contributions This thesis is based on original research results obtained by the author

and presented in three works, one published, one currently under review and available on arXiv,



and one completed and ready for submission. The material has been organized and adapted to
form a coherent narrative. The introductory chapters provide the necessary information to con-

textualise our work and produce a self-contained analysis.

Chapter 5 is extensively based on the work “Universal flops of length 1 and 2 from D2-branes at
surface singularities” [56], where the physical interpretation of universal flops in terms of probe
D2-brane dynamics is developed, together with the identification of the corresponding quiver

gauge theories and their moduli spaces.

Chapter 6 is based on the project “D2-brane probes of non-toric cDV threefolds via monopole
superpotentials”, which has been completed and is currently being prepared for submission [57].
In this work, a systematic framework is developed for deriving three-dimensional ' = 2 quiver
gauge theories associated with compound Du Val singularities, including both monodromic and

non-monodromic configurations.

Chapter 7 is based on the work “Non-toric 5d SCFTs from Reid’s Pagoda”, currently under review
and available on arXiv at [58]. In this work, new classes of five-dimensional superconformal
field theories are constructed from orbifolds of the non-toric singularity known as Reid Pagoda,

and novel physical phenomena are identified.

The results presented in this thesis are, to the best of the author’s knowledge, original, unless

otherwise stated.
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QFT engineering in String Theory
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CHAPTER

FroM STRING COMPACTIFICATIONS TO GEOMET-

RIC ENGINEERING

The development of string theory as a candidate framework for a unified description of gravi-
tational and gauge interactions can be broadly divided into two phases. The first phase, which
took place during the early development of superstring theory, was characterized by the emer-
gence of five apparently distinct consistent theories in ten spacetime dimensions: Type I, Type
IIA, Type IIB, and the two heterotic theories with gauge groups Eg x Fg and SO(32). A cru-
cial milestone in establishing their consistency was the demonstration of anomaly cancellation
in ten dimensions by Green and Schwarz, who showed that gauge and gravitational anomalies
cancel in certain supersymmetric ten-dimensional theories through what is now known as the

Green-Schwarz mechanism [59].

All five theories are superstring theories, meaning that supersymmetry relates bosonic and
fermionic degrees of freedom in the string spectrum. In the present work we will primarily focus
on the theories with maximal supersymmetry in ten dimensions, namely Type IIA and Type IIB

string theory, both of which possess 32 supercharges.

Since their discovery, considerable effort has been devoted to identifying whether one of these
theories could provide a consistent ultraviolet completion of the Standard Model. A central chal-
lenge arises from the mismatch between the ten-dimensional nature of string theory and the
observed four-dimensional structure of spacetime. This motivates the introduction of the mech-

anism known as compactification.
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The basic idea of compactification is to consider one of the consistent ten-dimensional string

theories on a background of the form
RM41 e M, (1.1)

where R4~ describes a non-compact d-dimensional spacetime and M is a compact internal
manifold of dimension 10 — d. In the limit in which the characteristic length scale of the com-
pact space becomes much smaller than the scales accessible to low-energy observers, the theory

becomes effectively d-dimensional.

The geometry of the internal manifold M plays a crucial role in determining the structure
of the resulting effective quantum field theory. In particular, it controls properties such as the
particle spectrum, gauge symmetries, moduli fields, and the structure of the vacuum. Conversely,
phenomenological requirements and internal consistency conditions of the low-energy quantum

field theory impose strong constraints on the admissible geometries for M.

One of the most important ingredients for maintaining theoretical control over the resulting
quantum field theory is supersymmetry. In particular, it is often desirable that the compactifi-
cation preserves at least a portion of the supersymmetry of the original ten-dimensional theory.
This requirement is closely related to the structure of the theory’s vacuum. A vacuum configu-
ration preserves supersymmetry if the supersymmetry variation of all fermionic fields vanishes

when evaluated on the background.

In supergravity, which describes the low-energy limit of string theory, the relevant condition
arises from the supersymmetry variation of the gravitino. For vanishing background fermionic

fields, this variation takes schematically the form

where 1)), is the gravitino and e is the parameter of the supersymmetry transformation. Pre-
serving supersymmetry in a given background, therefore requires the existence of a spinor field
e satisfying

Ve =0. (1.3)

When the spacetime geometry is assumed to factorize as R14~! x M, the supersymmetry

parameter decomposes accordingly, and the condition above implies that the internal manifold
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M must admit a covariantly constant spinor. The existence of such spinors imposes strong con-
straints on the geometry of M. In particular, the integrability condition of the Killing spinor
equation implies that the manifold must be Ricci—flat [60]. Moreover, for a simply connected 2n—
dimensional Riemannian manifold, covariantly constant spinors exist if and only if the holonomy
group is a subgroup of U(n). Manifolds satisfying such conditions belong to the class of special
holonomy manifolds classified by Berger. In particular, those manifolds whose holonomy lies in
SU (n) are known as Calabi-Yau. In this thesis, we will be mostly concerned with Calabi-Yau man-
ifolds of complex dimension 2, the so-called K3 manifolds, and 3, namely Calabi-Yau threefolds
(CY3).

A second major phase in the development of string theory, often referred to as the second su-
perstring revolution, began in the mid-1990s and was largely triggered by the work of Polchinski.
In a seminal paper, Polchinski showed that the solitonic objects that had previously appeared as
classical solutions of supergravity, known as p—branes, admit a natural interpretation within per-
turbative string theory as hypersurfaces on which open strings can end with Dirichlet boundary
conditions [1, 61]. These objects are now known as D,~branes, where p denotes the number of

spatial dimensions of the brane.

This insight had far-reaching consequences. In particular, it led to the realization that many
string theory vacua can be described in terms of stable configurations of D-branes embedded in
the ten-dimensional spacetime. Open strings whose endpoints lie on a stack of D-branes give rise
to massless excitations that propagate along the (p + 1)-dimensional worldvolume of the branes.
These modes organize themselves into the fields of a quantum field theory localized on the brane

worldvolume.

As in the case of traditional string compactifications, the properties of the resulting quantum
field theories are deeply influenced by the geometry of the underlying string background. In
particular, gauge groups, coupling constants, vacuum moduli, and global symmetries can often
be inferred from the type of D-branes present and from the way they are arranged in the ten-

dimensional spacetime.

At the same time, the discovery of a network of strong-weak coupling dualities revealed that
the five superstring theories are related and should be viewed as different limits of a single non-

perturbative framework, commonly referred to as M-theory [62].

!In appropriate limits, D-branes admit a purely geometric description. In particular, in Calabi-Yau compactifica-
tions, they can be interpreted mathematically as stable objects in the derived category of coherent sheaves.
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A striking consequence of these developments was the realization that branes wrapped on
special cycles of a Calabi-Yau manifold behave as particle states in the non-compact spacetime
directions. These states carry gauge charges and can become massless at special loci in the moduli

space of the Calabi-Yau geometry, leading to an enhancement of the gauge symmetry.

The first clear indication of this phenomenon appeared in [62, 63]. In the context of the conjec-
tured duality between heterotic compactified on 7% and Type IIA on a K3 surface, consistency of
the dual description requires the appearance of enhanced non-abelian gauge symmetries at spe-
cial points in the moduli space. On the Type IIA side, these enhanced symmetries arise when the
K3 surface develops ADE singularities. At such loci, D2-branes wrapping vanishing two-cycles
of the singular geometry become massless and behave as charged particle states in the remaining

spacetime dimensions, giving rise to the corresponding non-abelian gauge bosons.

This idea was subsequently generalized by Vafa and collaborators [64], who showed that sim-
ilar mechanisms can be used to engineer supersymmetric gauge theories from Type IIA string
theory on Calabi-Yau threefolds. In particular, the first constructions involved Calabi-Yau three-
folds that are K3 fibrations over a compact curve of genus g. At singular loci of the threefold,
configurations of vanishing cycles in the K3 fiber reproduce the structure of ADE Lie algebras,
and wrapped D-branes behave as massless representations of N' = 2 supersymmetry. This pro-
gram, now known as geometric engineering, provides a powerful framework in which properties
of quantum field theories can be extracted from the geometry of the underlying string compacti-

fication.

A crucial observation underlying geometric engineering is that the physics of the light states is
entirely determined by the local geometry near the singularity. This becomes precise in a decou-
pling limit in which gravity is removed while the singular structure is kept fixed. Indeed, upon
compactification of Type IIA string theory on a Calabi-Yau threefold X, the four—dimensional

Einstein—Hilbert term takes the form

Vol(X)
Sy~ Mpy, / d'z /=g RY, Mgy, ~ TBg (1.4)
Hence, by taking the limit Vol(X) — oo while keeping fixed the local data of the singularity,
one obtains Mp;4 — 00, so that gravitational interactions decouple. The resulting theory is
therefore a pure quantum field theory for the localized modes associated with the singular locus.
This justifies replacing the compact Calabi-Yau by a non-compact local model capturing only the

neighbourhood of the singularity.
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1.1 M-theory/Type IIA duality

Shortly before the development of geometric engineering, an important insight concerning the
non-perturbative structure of string theory was obtained. It was discovered that the strong cou-
pling limit of 10d Type IIA string theory is 11d supergravity [62]. Eleven-dimensional super-
gravity is also the low-energy limit of M-theory, whose microscopic nature is unknown. In this
paragraph, we briefly review the duality between M-theory and Type IIA string theory. This
discussion will serve as a starting point for the study of M-theory compactifications and will

emphasize the relation between brane configurations and geometry.

The bosonic field content of 11d supergravity consists of the metric G,y and a three-form
gauge potential C's with field strength G4 = dC's. The corresponding action takes the schematic

form

/9

1 1 1
Sll ~ — dll.’lf\/ —-GR-— §/G4/\*G4— 6/03AG4/\G4. (1.5)
P
The relation between M-theory and Type IIA string theory becomes manifest when the former is
compactified on a circle [65]. Let 1! denote the coordinate along the circle S* of radius R;;. The

11d metric can then be written in Kaluza-Klein form as

dsi) = e 23dsy  + o' (da' + Cudx’“b)2 , (1.6)

where ds?, = g,(}yo) dx*dx” is the ten—-dimensional string—frame metric, ¢ is the dilaton, and C), is

a one—form gauge field that corresponds to the connection of the S* bundle.

Under this dimensional reduction, the massless Kaluza-Klein modes of eleven-dimensional

supergravity reproduce the bosonic spectrum of Type IIA supergravity. In particular, the fields

g,gll,o), ¢, and the Ramond-Ramond one-form C; = C,dz* arise from the components of the

eleven—dimensional metric, while the eleven—dimensional three—form decomposes as
C§“) = C3+ By Adz', (1.7)

giving rise to the Ramond-Ramond three—form C'3 and the Neveu-Schwarz two-form B,. The

resulting massless bosonic fields

Guv, Cb, B27 CIJ C3 (18)
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coincide precisely with the bosonic spectrum of Type IIA supergravity.

The asymptotic value of the dilaton determines the Type IIA string coupling,
gs = €213, (1.9)
and is related to the radius of the M-theory circle by
Ry = g4ls. (1.10)
Thus, the weak coupling limit of Type IIA corresponds to a small M-theory circle, while in the

strong coupling regime, the eleventh dimension becomes large. An important observation is that

a solution of the equations of motion for gfﬁ,o), ¢, and C uplifts to pure geometry in 11d.

1.1.1 D6-branes and the Taub-NUT solution

Among the possible solutions of Type IIA SUGRA, we find D6-branes, which are sources for the
three fields g,‘}f), ¢. The uplift of n parallel D6-branes in 11d SUGRA is a geometric background

of the form:

ds? = ds? + VAT + o'V (da" + w;dad)?, (1.11)
with:
= Rll —
—1+Z|x_xz V x @ =-VV (1.12)

The 10d metric splits into a 7d Minkowski component and R?, the latter parametrized by (1, 72, 73).
The M-theory circle is non-trivially fibered over the R? component. The four-dimensional space
with this fibration structure is known as the Taub-NUT manifold?. The space is smooth, and the
metric is endowed with a hyperKahler structure (See Section 4.2). The metric has three associated
Kahler forms, which are the w;. The Z; are points at which the S* fiber degenerates (said centers of
the Taub-NUT). These points are identified with the positions of the D6 branes in the transverse
space. When two or more D6-branes come together, or equivalently, when some of the centers of
the Taub-NUT collide, the space develops a singularity. Suppose that we collide all of the n cen-
ters. Then, in the limit of R;; — oo, the metric becomes ALE (asymptotically locally euclidean)

2This is an example of ALF space.
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and the singular space is isomorphic to the abelian orbifold C?/Z,,.* This surface singularity is
known as A,,_; and belongs to the famous ADE classification of the singular K3 degenerations.
We review the topic in more detail in Section 4. The classification arises from a correspondence
between the structure of the root spaces of simply-laced Lie algebras (the families A, D,,, and
Eg, E7, Eg) and the intersection theory of local K3 surfaces (local means non-compact here). To
visualise this correspondence in the simple case of A, _1*, let us choose a complex structure on
the Taub—NUT space such that

z = x1 + 1T, $ = X3+ 1ix1]. (1.13)

Since x3 € R and z1; ~ x1; + 27 R, the pair (z3,z11) parametrizes a cylinder R x S, which is

naturally identified with C* by exponentiation:

t = e 8/ = g~ (@atizn)/R (1.14)
Thus, asymptotically, Taub—NUT is described as a C* fibration over the complex z—plane. To take
into account the degeneration of the S* fiber at the centers of the Taub-NUT, we need to refine

the change of coordinates.

=

Figure 1.1: Multi-centered Taub-NUT, seen as a cylinder fibration over the z-plane. The degener-
ate fibers correspond to the centers of the Taub-NUT. The fibration of the S! in the fiber over the
line connecting distinct centers defines a non-trivial 2-cycle.

Let us distinguish two cases:

3Note that in this limit a term ndz!'! appears in the metric. This signals the presence of a Z,, quotient acting on
the angular coordinate 2*!. Asymptotically, the space looks like S3/Z,,.

“Here we limit ourselves to considering the simplest case. However, the discussion can be generalised to all ALE
spaces [65, 66]

19



Deformation Suppose that the centers of the Taub-NUT are located at distinct points along the

z plane, namely, 7; = (c1 c? 0). Then, let us introduce the holomorphic coordinates:

17 1)
n

) | e ) | Ve (1.15)
=1

=1

ri =/ |z + ti|? + 23, ti = —(c; +icj). (1.16)

In these variables, the space takes the algebraic form

Where

n

vy =[]z +t). (1.17)

i=1

For fixed z away from the degeneration points —t;, the fiber is C*.°>. When z + t; = 0 for some ¢

the C* fiber degenerates to the union of two C-planes, intersecting at x = y = 0.

As we said, the singularity is generated by the collision of two or more centers. In particular,

when all ¢; coincide, for simplicity let us consider the case ¢; = 0V 7, one recovers the surface
xy = 2", (1.18)

which is one of the presentations of the A,,_; singularity. So, separating the centers amounts to
smoothing out the singularity. So far, we have considered the separation of the centers along the
base of the C* fibration. This process is called deformation (See 4). For local K3 surfaces, this

amounts to blowing up a set of S? spheres. Without loss of generality, we can impose:

[t > [t > o> Jtal, ) =0, (1.19)

7

Taking a path in the z-plane between two neighboring degeneration points ¢; and ¢, and fiber-
ing over it the S C C* that collapses at the endpoints, we get a two-sphere S;.° As a result,
we have n — 1 independent S? cycles, whose arrangement reproduces the Dynkin diagram of

A, —1. There is, in fact, a one-to-one correspondence between the S; and the simple roots of the

>In the patch 2 # 0 we can solve the algebraic equation for y. Vice versa, when y # 0 we can solve for z. Both
patches are copies of C*.

The S* fibration along paths connecting any of the ¢; is a two-sphere but it can be decomposed into a sum of
generators of the second homology of the Taub-NUT.
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A, —1 algebra. The parameters ¢;, called complex structure deformations, parametrize the space
of cohomology classes of holomorphic (2,0) forms 2297 Differences ; — t;,1 correspond to the
size (or holomorphic volume) of the S; spheres. We will make this statement more precise in
Section 2. For now, let us conclude by considering a different situation, that is, the resolution of

the singularity.

Resolution Let the centers be localised at distinct points along x3, 7; = (0,0,¢}). Now, the
globally defined coordinates of the C* fiber become:

y = 6*(13+i:p11)/RH /ri _ (Ig + Qz)’ T = €(x3+iz11)/R H /Tz' + <x3 i ‘91)7 (1.20)
i=1 =1

Where

r; = \/|Z|2 -+ (,]}3 + 97;)2, 91 = —C?’. (121)

(3

The equation relating variables z, y, z is now

xy = 2",
which is the singular equation defining A,,_;. The displacement along the x5 direction does not
affect the holomorphic structure of the singularity, but modifies what is called the Kéhler structure
4. For simplicity, let us impose:
101] > ... > |0,]. (1.22)

This time, the S* fibration over each line segment [0;, 0; 1] € R,, isa 2-cycle S, entirely contained
in the C* fiber over z = (. Again, the space is smooth and the S; intersect in the same way as the
non-holomorphic spheres S;, generated in the deformation. The volumes of the S; are the relative
displacements #; — 6,,1. The real parameters 6;® parametrize the space of Kihler classes of the
Taub-NUT, namely the cohomology classes of (1, 1) forms Q1. This situation is a resolution of the
singularity. In this case, the 2-cycles that are blown-up have zero holomorphic volume and non-
trivial Kéhler volume, so they correspond to a different choice of Kahler class. Before proceeding

towards the description of the spectrum of the theory localised at the singularity, let us make

"The metric of the Cx fibration induces a holomorphic (2, 0) form w and a Kihler (1, 1) form ws.

8The number of independent parameters is n — 1, the same as the rank of the Lie algebra, due to a relation
>, 0, = 0. If we displace all the centers by the same amount, the Kahler form remains unchanged. Only relative
displacements matter.

21



one comment. We have presented deformations and resolutions as different types of smoothings.
However, a very special property of K3 is being HyperKahler. This means that the compatible
complex structures form a triplet of SO(3). Our choice of complex structure has explicitly broken
this symmetry. For example, we can change our choice so that the S; are holomorphic with respect
to the new complex structure (they sit in the C* fiber) and the S; become non-holomorphic. In

other words, we can always trade deformations for resolutions and vice versa.

1.2 M-theory on local K3 manifolds

In this section, we review the geometric engineering of M-theory on local K 3 surfaces. We begin
by describing the worldvolume QFT of the dual configuration of D6-branes in Type IIA, where
the phenomenon of gauge symmetry enhancement is well understood. Our goal is to show that

the physics of the D6-brane system is fully encoded in the geometry of its M-theory uplift.

1.2.1 The D6-brane worldvolume theory and its M-theory dual

We have just seen that, upon reduction on the M-theory circle, M-theory on the ALE space A,,_;
is equivalent to Type ITA with a stack of parallel D6 branes. The branes are localised at the
singularity, conventionally, the origin of R* where the M-theory circle degenerates. The open
string modes localised on the D6 brane stack give rise to a 7d QFT with 16 real supercharges.’
The theory is pure gauge, and the spectrum contains a U (n) vector multiplet.’ The bosonic sector

consists of:

Ay, P, ©s3. (1.23)

The index j: refers to the 7d Minkowski directions. The complex scalar ¢ and the real one 3 are in
the adjoint of U(n). However, since the diagonal U (1) eventually decouples from the spectrum,
we will henceforth restrict our representation to the adjoint of SU(n). The complex and real
vevs of the scalars parametrize the positions of the D6-branes along the z-plane (base of the C*

fibration described before) and the x5 direction (coordinate along the fiber). The configuration in

D6 branes are 1/2-BPS states from the point of view of the 10d string theory. A configuration of parallel D,,
branes preserves half of the supersymmetry. Note that 16 real supercharges is the same number as in N' = 4 susy in
4d.

The diagonal U (1), whose scalars account for the center of mass positions of the brane stack, decouples from
the interacting theory and becomes mere background in the IR. That leaves a SU(n) SYM theory.
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which the D6 are separated along the z-plane corresponds to a diagonal vev for ¢

(0) = diag(¢r, - fn), G F G F o Fbu Y Gi=0. (1.24)
i=1

This uplifts to the fully deformed A, _; singularity. The separations between consecutive
D6 branes ¢; — ¢;+1 correspond to the holomorphic volumes of the two spheres .S;. The last
relation implies that (®) lies in the Cartan subalgebra of A,,_;. Similarly, a diagonal vev for ¢3
with distinct eigenvalues corresponds to the resolution phase of the singularity. The quantities
@ — @t are the Kihler volumes of the S;. The singular limit corresponds to the configuration
in which the D6-branes become coincident. In this limit, gauge symmetry enhancement occurs.
The mechanism is well understood: when the branes coincide, open strings stretching between
distinct branes become massless. The low-energy excitations of these strings correspond to the

W-bosons, which enhance the gauge symmetry from U(1)"~! to SU(n).

This observation indicates that a corresponding enhancement of gauge symmetry should also
arise in the M-theory description when the ALE space degenerates. Indeed, this is the case, as
we are going to argue. We have to look for the string modes whose dynamics are localised at
the singularity. First of all, we have to consider the modes that descend from the Kaluza-Klein
reduction of elementary fields of 11d supergravity. Massless modes are associated with harmonic

two forms on K3.

For the ALE space X resolving the A, ; singularity, there exist (n — 1) L?-normalizable
harmonic two-forms w;. These forms are supported on the curves S; ~ P! and generate the
compactly supported cohomology

HY(X)=z" "

For noncompact manifolds, compactly supported cohomology is naturally isomorphic to relative

cohomology with respect to the boundary at infinity,
H(X) = H*(X,0X),

where 0X ~ S3/7Z,, is the asymptotic boundary of the ALE space.

Relative cohomology is defined for a pair (X, A), where A C X is a subspace. Intuitively, it
describes cohomology classes on X modulo those that become trivial when restricted to A. It is

naturally associated with relative homology groups Hy (X, A) through the usual pairing between

23



homology and cohomology. Relative homology is generated by relative cycles, namely chains in

X whose boundary lies entirely in A.

In addition to these normalizable modes, the geometry admits a harmonic two-form w,, that

is not L?-normalizable. The origin of this mode can be understood from the long exact sequence
of the pair (X, 0X),

0— HY(0X) = H*(X,0X) — H*(X) — H*(0X) — 0.
Since 0X = S3/Z,, H'(0X) = 0 and H*(0X,Z) = Z,. Eventually, the sequence reduces to:
02"t 572" 57,0,

which defines an extension of the free abelian group H?(X,dX) by a pure torsion term Z,. In
other words, the real cohomology classes are just those corresponding to the compactly supported
two-forms. However, there is an extra non-normalizable form constructed out of the ALE metric,
which is the extension in the bulk of a boundary two-form that is non-trivial in the boundary

cohomology. The latter is the curvature of the S! bundle or Hopf fibration
St — 37, — S?,

determined by the asymptotic behavior of the metric at the boundary. Since w,, is non-trivial on

the asymptotic boundary, the integral

l|lwn||L2 = / Wn A *w, = 00.
X

By decomposing the C'5 form field along these cocycles, we obtain

n—1
CgZZAi/\wi—f-Ab/\wn.

=1

' The A, are 7d abelian gauge fields, all of them dynamical. A’ is a 7d vector field, but a back-

e, is dual to a non-compact divisor D,, given by

Dn=) Si+Z_+%,
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ground one, as it corresponds to the non-normalizable node.'* The internal components of the
metric tensor induce a Kahler (1, 1)-form J; and a holomorphic (2,0)-form 2. The 7d modes

along them are scalars, defined by the period integrals

(pg _ 90?_1 — / J3; Pt — Pt — / Q7
Si Si

Together, these fields form (the bosonic sector of) n 7d abelian vector multiplets. Their vevs
parametrize Kahler and complex structure deformations of the ALE surface. We have chosen
the same names as in 1.23 to highlight the correspondence with the Cartan torus of the U(n)
generated on the dual D6-brane stack.

At this point, only the W bosons are missing. The solution was found to lie in the non-
perturbative sector of the 11d spectrum[67, 68]. It was argued that the states responsible for the
enhancement of gauge symmetry at the ALE singularity are solitonic states wrapping the S? cycles
of the geometry. The masses of these states are proportional to the volumes of the wrapped sphere,
so that they become light in the singular limit. ** In M-theory, these correspond to wrapped M 2-
branes. Along with the M5-brane (six-dimensional), the M 2-brane (three-dimensional) is the
only solitonic solution of 11d SUGRA. The latter is electrically charged under the C's-form, while
the former is a magnetic source. In this case, we have only M 2-branes. The mass is proportional

to the Khéler and holomorphic volume of the wrapped cycle. The gauge charges are given by

q'(M2;) = / wi=25-85=—aq; qj i,j=1,..,n—1.
Sj
These integrals reproduce the root vectors of the su(n) algebra (non-simple roots are just M2
branes wrapped on composite cycles). Indeed, as we anticipated, the cycles S; are associated with
the simple roots. Here, we have chosen the Poincaré duals to the S; as a basis for the normalizable
two forms, so that the charge vectors reproduce the rows of the Cartan matrix. This means that

the w; are one-to-one with the generators of the Cartan subalgebra in the Chevalley basis.

Finally, to recover the Type IIA picture, we have to reduce the theory on the S! fiber. Then,

Y. are non-compact two-cycles, originating from the S! fibration on segments [27,00) and [z, 00).

12The kinetic term for the gauge field in the action is proportional to the L2-norm of the corresponding harmonic
two-form.

BStrominger argued that these should be wrapped D-branes. In [68], he analysed the low-energy limit of Type
II compactifications on the singular Conifold, and showed that the consistency of the field theory is tied to the
emergence of non-perturbative massless RR black holes, which smooth out the classical singularity.
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the geometry projects down to the D6-brane stack, and the M2 wrapping S; becomes a funda-
mental string stretching between the ¢-th and 7 4 1-th D6-brane. The masses of these strings are
consistently proportional to the separation between the D6-branes (that is, the mass of the W

bosons).

The analysis presented above illustrates the power of the correspondence between the geo-
metric description in M-theory and the Dé6-brane picture. The agreement between the two sug-
gests that the field-theoretic phenomena associated with brane systems should admit a geometric
interpretation in M-theory. One might therefore expect such a correspondence to hold quite gen-
erally. In the next section, however, we describe a phenomenon that appears to contradict this

expectation.

1.3 The Higgs field formalism: M-theory on deformed ALE

surfaces

In the previous section, we established a duality between M-theory on an ALE space of type A,,_1
and systems of parallel D6-branes in Type IIA string theory. Within the family of ALE surfaces,
only the non-exceptional cases, A,, and D,,, admit a dual description in terms of perturbative D6-
branes. The D,, family arises as the M-theory uplift of a stack of n D6-branes coincident with an
067~ -plane. The enhancement of gauge symmetry to SO and Sp groups is a well-known effect

associated with orientifold planes. We will return to this case later.

Deformed A, as a P-dependent C* fibration For now, let us go back to A,,_; and the dual
D6-branes. The singular limit of the ALE space corresponds to the situation in which all of the

D6 are at the same point. Then, the brane locus is described by
0=2"=0, (1.25)

and the equation for the singularity is
xy = 2", (1.26)

The latter is invariant under the rescaling (z,y) — (Az, A™'y), with A € C*. Indeed, this geome-

try can be seen as a C* fibration over the z-plane. We now turn on a diagonal vev for the complex
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scalar ®, which we will often call the Higgs field, to separate the branes

o=]]G-e)=0, (1.27)

7

which can be rewritten as [19, 24, 25]

d = det(z1 — ®), (1.28)
The corresponding geometry is the C* fibration

ry = det(z1 — P). (1.29)

Here we drop the symbol (-) for the vacuum expectation value of ® to simplify the notation.

Writing the brane locus in this form makes manifest a key fact: the fibration is completely de-
termined by the Casimirs of ®, which appear as the coefficients of its characteristic polynomial.'*
This may seem natural, since vacua are characterized by gauge-invariant quantities. However,
the Casimirs of ® do not encode all the information specifying the brane configuration. This can
already be seen in the simplest example, namely a stack of two parallel D6-branes. In this case,

O takes values in SU(2), and at a generic point in the moduli space it can be written as

t 0
(1) (1.30)

So that the A; equation gets deformed to:

xy = (z+1t)(z —1). (1.31)

“Given a Lie algebra g, the Casimirs of g are the Ady-invariant functions:

f(Adg(A)) = f(A), Aecg

. For A,,_1, the Casimirs form the polynomial ring of Weyl invariants C[t1, ..., #,,]% /{t; + ... + t,), with S,, the
Weyl group, and ¢,, the coordinates on the Cartan subalgebra. Given a generic matrix representative A in A,,_1, the
Casimir generators can be expressed as u; = Tr(A4"), i=2,...,n.
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The Higgs field as a T-brane background We are always allowed to act on ¢ with a conju-

gation by a group element and turn it into

o= (5 ) 30

Obviously, this won’t affect the equation for the deformed A;. But now let us consider the limit
t — 0. In this limit, the first gauge choice goes to the zero matrix, faithfully reproducing the situ-
ation of SU(2) enhancement that we expected. The second matrix, instead, becomes a nilpotent
element of the algebra. It is not diagonalizable, and its stabilizer is merely the identity element.
From the point of view of the gauge theory, this means that the vacuum breaks all of SU(2).
In this context, nilpotent Higgs vevs are called 7-branes, with the 7" referring to the triangular
structure of the matrix’>. The admissibility of nilpotent vevs for the scalars on 7-branes is not
immediately obvious. The consistency conditions that allow such configurations were first dis-
cussed in [84, 85]. In [85], the authors explored the possibility of describing D-branes as coherent
sheaves and interpreted the role of the Higgs field from this perspective. Their analysis considers

branes wrapping a complex subvariety S of the spacetime manifold X, such that the splitting
TX =TS ® Ng/x

is holomorphic. This condition is necessary to identify the Higgs field with a holomorphic sec-
tion of the normal bundle Ng, x tensored with the adjoint representation of the gauge group.
Physically, this requires that the Higgs background satisfies the equations of a Hitchin system,
involving a non-trivial F;, (gauge field strength along S) flux on S [16, 86]. Throughout this work,

we only consider cases where this condition is satisfied.

An interesting observation made by Donagi et al. is that, whereas diagonal vevs describe de-
formations that move the support of the corresponding sheaves inside X, nilpotent vevs exhibit
a much subtler behaviour. In particular, both nilpotent and vanishing vev appear to correspond
to structure sheaves of non-reduced schemes.'® From the physics side, the resulting sheaves are

interpreted as bound states of branes, but the massless spectrum of open string modes is different

The literature on T-branes is vast. Here we mention some important contributions: [14, 16, 37, 69-83]

16A scheme is non-reduced when its structure sheaf contains nilpotents. A trivial example is the fat point
Spec(Clx]/(z?)). The situation in which all eigenvalues of ® are zero is associated with a non-reduced scheme
because it corresponds to the collision of the curves supporting each sheaf. This signals the generation of a bound
state, but the associated gauge bundle is known to be a rank 2 SU(n) bundle.
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in the two cases. Moreover, there is a tension between this physical distinction and the holomor-
phic structure of the A;, which appears the same. The tension is solved if we take into account
the resolution maps allowed by the two choices of Higgs vev. There is indeed a deep connection
between the structure of the Higgs field living in a Lie algebra g and the partial simultaneous reso-
lutions of the associated ADE surface, which will be covered more systematically in the following
sections. Here, we give a first physical explanation. As we said, the D6-branes carry a vector
multiplet with a complex scalar ® and a real one (3, both in the adjoint of the gauge group.'” It

is easy to see that the D-terms of the 7d theory impose:

We recall that ® and 3 control the deformations and the resolutions of the singular ADE surface.
We can always fix a gauge in which 3 takes values in the Cartan subalgebra b ®.This condition
forces @ to lie in the Levi subalgebra associated to 3, that is, the centralizer of 3. In the example
that we have just described, the first choice of Higgs field 1.30 commutes with the only Cartan
element of A;. In particular, when ¢t = 0, ¢3 can assume any value in the Cartan algebra and
give a non-trivial volume to the resolution two-cycle. The second case 1.32 does not differ from
the first as long as we keep t # 0, since we can always apply a gauge transformation to put ®
in diagonal form. The difference occurs at ¢ = 0, namely in the presence of a T-brane. Now 3
cannot have non-zero eigenvalues. This tells us that all resolution parameters are frozen at zero

due to this deformation.

Deformed D, as a P-dependent C* fibration In general, a configuration of D6-branes up-
lifts in M-theory to a C* fibration that degenerates along the brane locus. In the former case, the
connection between the brane locus and the equation of the A,_; singularity is rather straight-
forward. In the case of D, the equation can be written as a C* fibration, but the existence of a Z,
quotient due to the orientifold projection makes the derivation more involved. For the detailed
derivation, we refer to [19, 24, 25]. Here, we will be very brief. This O6~ plane action on the su-

perstring worldsheet is combined with the reflection of the transverse directions to the O-plane.

7With this choice we have hidden the SU(2) R-symmetry that rotates the three real scalars corresponding to @
and 3.
85 is a real adjoint scalar. This means

ol = s, ©3 = 039",  ga € OR (1.34)

, where gr is the real Lie algebra
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The defining equation for a D,, singularity is:
Fp, a4+ zy2 +2"1 =0. (1.35)
And its generic deformation can be written as:
ngf x4 2 + 2 — Pz {w)) 4+ 20Q(2; {wi}) = 0, (1.36)

where P and () are polynomials that are parametric in the complex deformation constants {u; }i—1, .
which are the Casimirs of ®."In this case ® is an antisymmetric 2n X 2n matrix (as it lives in the

adjoint of SO(2n) Lie algebra), so the Casimirs are:
Uy = Tr(®**), w, = Pfaff(®), a=1,...n—1 (1.38)

Where textP faf f denotes the Pfaffian of the matrix.
For simplicity, we inglobe the factor 2" into ﬁ’, defining P = P — L

Let us call n the complex spacetime coordinate transverse to the O-plane, which will corre-

spond to the double cover of the coordinate z in 1.35:
2 _
0=z (1.39)

The action of O6~ is:
06~ : n+——n (1.40)

The locus of the D6 branes, in presence of a deformation induced by ®, is expressed as:
d =det(nl + ®) =0. (1.41)

The goal of the game is to rewrite 1.36 as a C* fibration that degenerates on the Z, quotient of

19 P and @ belong to the ring of versal deformationsof the surface:

Hlz, y, 2]
(VFp,)’

Raey = H = Clux, ..., Un) (1.37)

. For details see 4.
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this locus. Let us consider the rewriting of 1.36 in the double cover:
Fph = XY + 7070 — P {w}) + 29Q(n* {wi}), X =w+iny, Y =z —iny. (142)

Note that:
n—-n — XY (1.43)

This exchange is consistent with the fact that the orientifold acts as an inversion on the M-theory
S1. So, X, Y can be consistently identified as the local C* coordinates The points where the fiber
collapses are given by zeros of the discriminant of the polynomial 2y* — P + 2yQ with respect to
y:

A = P? + n?Q, (1.44)

20 Finally, imposing 0 = A one can find the expressions for P and @ in terms of ®:

_ det(nll + CI))2— Pfaffz(q)) : Q<772> — Pfaﬁ“(q)> (1.45)

P(n?) .

We can now use 1.45 to rewrite 1.36 as:

det(z1 + ®2) — Pfaff*(®
2oyt — = (z1+ %) - Phaff (@) + 2yPfaff(®) = 0. (1.46)
z

To avoid repeating ourselves, we will refrain from considering specific examples for this case.
Let us summarize what we did. In this section, we have reviewed two results from the literature

that will be relevant for the development of this work:

 The local geometry of ALE spaces of A,, and D,, type can be reconstructed from a C*-
fibration degenerating over the locus of the D6-branes that uplift to that geometry in M-
theory. Crucially, both families can be described via algebraic equations where the depen-
dence on the Higgs field profile is manifest. Fjg, F; and Fg do not possess a C*-fibered
structure. If they had one, there would be an associated perturbative D6 brane solution.
[12, 19]

« Field theory contains information beyond that captured by the holomorphic geometry. In

particular, nilpotent Higgs vevs — the so-called T-branes — are invisible to the holomorphic

21t is easy to check that, with a simple change of coordinates, the equation 1.42 reduces to a form XY = 0 when
A=0.
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geometric description [16, 86]. The geometric effect of T-branes is an obstruction to reso-
lutions. The physical implications of this are best understood from the theory of a probe
D2-brane [37, 77]

1.4 Non-constant Higgs vevs: geometric engineering of rank
0 5d SCFTs

In this section, we review a construction introduced in [19, 25-27] which is central to our work.
This is a physics-based method to engineer Calabi-Yau threefolds of a very special kind, the so-
called compound Du Val singularities, reviewed in the second chapter. These geometries have
proven to develop interesting physics both in the context of geometric engineering and the brane
probe theories. Our contributions to both approaches will be the object of Chapters 5, 6, 7.

We have just seen an example of how different vevs for the adjoint scalar ® control the complex
deformations of the background geometry. Actually, the amount of information that it provides is
more than that, as its profile is tied to the resolution structure. To unravel the full potential of this
construction, we consider a more general kind of situation. Instead of switching on a constant vev,
we are allowed to choose a vacuum in which ® is a holomorphic function of a complex coordinate
w. In the D6-brane picture, w parametrizes a complex plane wrapped by the D6-branes. In the
dual M-theory setup, w is a plane along which the ALE surface is trivially fibered. Then, in the
former case, a non-constant ®(w) will correspond to the bending of the D6. In the latter, the

geometry will become a non-trivially fibered ALE surface.

1.4.1 The Conifold

Let us consider A; again. Now, take

o — (%’ _Ow> , (1.47)

for which the brane locus is promoted to
d=(z4+w)(z—w) =0, (1.48)
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z—w =20

z+w=20

Figure 1.2: The reducible D6-brane locus (z + w)(z — w) = 0 in the (z, w)-plane.

The two branes intersect at the origin of the C? parametrized by (z,w) and occupy distinct
curves as can be seen in Figure 1.2. In the present case, the bending of the branes is such as to
preserve half of the supercharges of the original theory. Moreover, it can be shown [24] that the
light degrees of freedom are now open strings localized at the intersection w = z = 0. These
modes are identified with hypermultiplets propagating in the transverse five directions along the

branes. The dual geometry is now an equation in C*
zy = (z +w)(z —w), (1.49)

This is a well-known example of a toric threefold, universally named Conifold. It is the only
toric example in the class that we are focusing on. This makes the analysis of the associated
physics more accessible. There are plenty of approaches to the study of this geometry and the
associated 5d SCFT, all of them in agreement [86-89]. We refrain from reviewing all of them
and limit ourselves to making a few observations. First, let us consider the original framework
as a compactification on the threefold C?/Z, x C,,. The singularity covers the entire w-plane
invariably. M2-branes wrap the 2-cycles of the resolution fibered along the complex curve C,,.
These states correspond to the IV bosons of the 7d SU(2) vector multiplet. When 1.47 is turned
on, it breaks the SU(2) symmetry down to U(1) for every w # 0. This signals that the A;
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singularity is now isolated at w = 0. All the other ALE fibers are deformed and correspond to
smooth points on the threefold. As opposed to the trivially fibered K3, this space preserves half
of the supercharges. Indeed, the theory localised at the singularity corresponds to a 5d N/ =
1 SCFT. We will discuss the features of geometric engineering on CY3 in a greater generality
(See chapter 3.1). For now, let us describe what happens in this very simple but special case.
In the previous sections, we have described how resolving a singularity in a local K3 manifold,
namely a CY surface, amounts to extracting 2-cycles. In three dimensions, the mechanism is more
complicated, because there are more ways of resolving. In 3d, a resolution extracts a locus, said
the exceptional locus, which can contain curves and divisors (codimension 1 subvarieties). In
our case, the resolution is a blow-up that inflates the 2-cycle of the A; fiber at w = 0 without
extracting new divisors.?! This is an example of small resolution (see chapter 2), which gives rise

to substantially different physics than the divisorial case.

The 2-cycle of the resolution has a non-trivial intersection with a non-compact divisor F,
which signals the presence of a global symmetry. The reduction of the C's form on the Poincaré
dual of E produces an abelian gauge field indeed. This is the 7d gauge field, which becomes a
background for the 5d field theory. The U(1) symmetry carried by the background corresponds
to the commutant (or centralizer) of the Higgs field profile 1.47, which is the Cartan of A;. The
M?2-branes wrapping the resolution curve are the charged states under the flavor symmetry. In
the trivially fibered case, these were identified with the W -bosons of SU(2). Since there are no
compact divisors, there can’t be dynamical gauge interactions, so the Coulomb Branch of the
theory contains only a non-dynamical deformation, that is, the mass of the M2 wrapped states.
From the point of view of the 5d theory, the M2 states are just hypermultiplets. This is not obvious
from what we stated. A way to check that we have hypers and count their number is to describe
the space of complex structure deformations of the threefold (a very hard problem in general!).

For the Conifold, there is only one dynamical deformation:

Clz,y, z, w])

o F) (1.50)

Fpj: ay=22—w’+pu, pe Spec(
The complex parameter 1 is the holomorphic volume of an S3-cycle A that appears in the de-

,u:/AQ;;. (1.51)

?I'The process involves blowing up a non-Cartier Weyl divisor that contains the singular point. In the resolution,
the divisor becomes Cartier and contains the blown-up P!, but no new divisor is generated.

formed geometry
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(23 is the holomorphic volume 3-form of the CY3. The cycle A is unpaired, or paired with a non-
compact 3-cycle B, namely 3B such that B - A = 1. The reduction of C's on A determines a C*
fibered over the p-plane. This fibration defines the moduli of a hypermultiplet. The Higgs branch
is indeed the quaternionic space C? (which is a C* fibration). We refer to [26, 39, 51, 90, 91] for a

more rigorous treatment.

1.42 C3

Let us consider a non-constant Higgs of the form

0 1
o= (_w 0) : (1.52)

§=22—w=0. (1.53)

The corresponding brane locus is

As opposed to the previous case, the support of the D6-branes is now an irreducible variety, since
it cannot be factorized holomorphically. Only if we go to the double cover of the w-plane, that
is, we make the change w = t?, we recover the previous situation. So, when the Casimir of ® is
linear in the base coordinate w, we cannot diagonalize the Higgs field. This means that the SU(2)
symmetry is fully broken, and the resolution is obstructed in a similar way to what we saw in the
presence of the T-brane. We can think of it as a situation in which the two branes are glued into
a bound state by the T-brane and then bent by the w-dependent factor. On the geometry side, we
have the threefold

Ty = 22 —w. (1.54)

The A, fiber is singular only at w = 0. If we look at the origin of the w-plane, though, ® becomes
a T-brane and obstructs turning on non-trivial vevs for (3. So, in this case, there is no residual
symmetry from 7d. The theory is actually empty, since the threefold is globally smooth and its

homology groups are trivial.
To wrap up, let us list what we have observed:
+ Allowing the adjoint scalar ® to depend holomorphically on w corresponds to bending D6-

branes and, in M-theory, to non-trivial fibrations of ALE surfaces over the w-plane. The

resulting physics is controlled by the holomorphic behaviour of the eigenvalues of ®(w).
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When the eigenvalues are holomorphic functions of w, the Higgs field can be diagonalized,

and the brane locus is reducible.

« In this case (e.g. & = diag(w, —w)), the geometry is the conifold, with an isolated A;
singularity at w = 0. Its small resolution introduces a compact P!, and M 2-branes wrapping

this curve give a hypermultiplet charged under a U(1) flavor symmetry that propagates in
5d.

« When the eigenvalues do not depend holomorphically on w (the Higgs field is non-diagonalizable,

0
asin ® = 0 ), the branes form an irreducible bound state, the resolution is ob-
—w

structed, and the threefold is smooth. Consequently, no localized degrees of freedom arise.

1.4.3 ADE-families, ¢ and the partial simultaneous resolutions

The relation between Higgs backgrounds and the resolution structure of ADE-fibered threefolds

can be understood systematically in the framework of Grothendieck—Springer resolutions. In

this context, one studies the minimal resolutions of ADE surface singularities across their versal

deformation space. The K3-fibered threefolds generated by holomorphic Higgs vevs naturally

arise within this framework, as their crepant resolutions are small. In particular, small resolutions

of the threefold are in one-to-one correspondence with minimal resolutions of the ADE surface
fibers.

From the physical perspective, the resolution data is encoded in the group-theoretic structure

of the Higgs field . More precisely, ® is interpreted as a representative element of a Levi subal-

gebra of the Lie algebra g. The Levi subalgebra is defined as the commutant of a subset of Cartan

generators and geometrically corresponds to selecting a subset of the 2-cycles in the second ho-

mology of the ADE fiber. These are precisely the cycles that remain unobstructed in the presence

of the Higgs background.

Consistency of the construction requires the Casimir invariants of ® to depend linearly on the

base coordinate w and vanish at w = 0. This ensures that the eigenvalues of ®—which geomet-

rically correspond to the volumes of the unobstructed 2-cycles—vary holomorphically along the

base. In this way, the Higgs background determines both the deformation of the ALE fiber and

the structure of the simultaneous resolution.
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Analogous to the A, case studied above, the various possible (partial) simultaneous resolutions
of a family of ADE surfaces can be encoded in the different forms of the field ®. This was first
described in [19]. Given a choice of partial resolution, the corresponding field ® is determined in

the following way:

« Choose the subset of simple roots a, ...c,; (k < r) that are blown up at the origin.**
« Take the abelian subalgebra of g generated by
H=(a],..ap), (1.55)
where af, ..., ) is a basis of the Cartan subalgebra dual to the set of simple roots.

+ The commutant of H in g is a Levi subalgebra £ of g that takes the form

L=Pr.en, (1.56)
h

with £, simple Lie algebras.
« ® must be a generic element of £.%

 The choice of Levi determines the good coordinates on the space of deformations of the
ALE fiber. The good coordinates are the Casimirs of ®, o; (: = 1, ..., r), which parametrize
the space h/W'. Here, b is the Cartan subalgebra, and W’ is the Weyl group of the Levi (in
general, a subgroup of the Weyl group of g).**

2In the A case, the only options are either to resolve the single simple root or to resolve none. In the A case,
for example, one has the following three choices: 1) resolve both the simple roots, 2) resolve one of the simple roots,
and 3) resolve none.

“3This can be understood in the type IIA picture with D6-branes [25]: the resolution corresponds here to the motion
of the D6-branes along the direction R in R*® x S x C x R and is then a Cartan vev for a real adjoint field ¢ € H.
The equations of motion impose ¢ to commute with ®. Hence ® must live in the commutant of H.

?In the Grotendieck-Springer construction, the curves preserved by the partial simultaneous resolution are one-
to-one with the group quotients

L./P. (1.57)

Here, we have x € g, an element of the Slodowy slice through the subregular nilpotent orbit of g. We conjecture that
this may be our Higgs field. L, is the Levi subgroup generated by the commutant of the diagonalizable component
of x (with a gauge transformation, x can always be decomposed into a diagonal plus a nilpotent part). £ is the Levi
subalgebra that determines the partial resolution. Finally, P, is a parabolic subgroup of G. It is generated by the
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« From the Casimir invariants of ®, we can read how the ALE fiber is deformed.?® Since at
the origin of /W' the fiber presents the full ADE singularity, all the Casimir invariants of
® must vanish when g; = 0 (: = 1, ...,7), i.e. (¢ = 0) should be a nilpotent element of L.
In particular, when restricted to each summand £}, of the Levi subalgebra, ® must be in the

corresponding principal nilpotent orbit [19].%

« The Higgs field ®(¢) must deform the singularity outside the origin. The coordinates g
should parametrize a transverse direction to the nilpotent orbit (that includes ®(0)) in g.
This is achieved by taking ®(o) in the Slodowy slice?’ in g that passes through ®(0). This
provides a canonical form for the Higgs field ®(p).

The discussion above shows that Higgs backgrounds provide a systematic way to construct fam-
ilies of ADE-fibered threefolds with simultaneous partial resolutions. Within the Grothendieck-
Springer framework, the resolution structure is completely encoded in the group-theoretic data of
the Higgs field: the choice of Levi subalgebra determines which 2-cycles of the ADE fiber remain
unobstructed, while the Casimir invariants of ® control the deformation of the singularity along
the base. In this way, the geometry of the Calabi-Yau threefold and its resolution are directly
dictated by the structure of the Higgs background.

This mathematical framework turns out to be extremely efficient in constructively deriving
the homological structure of ALE fibrations. As we will review in the mathematical part of this
thesis (see Chapter 2), Grothendieck-Springer resolutions allow one to describe the full space of
Calabi-Yau threefold singularities that admit small crepant resolutions. On the physics side, this
construction provides a classification of rank-zero five-dimensional SCFTs, namely theories with
no dynamical gauge interactions. Moreover, the Higgs field gives direct access to the spectrum
and global symmetries of these theories: the physical states can be extracted by counting the
five-dimensional localized fluctuations of ® around its background value, following the method
developed in [16].

algebra
Pe=b+) e a, (1.58)

, where b is the maximal borel subalgebra of g, and the additional factors are the negative root generators contained
in L.

%Since the preserved 2-cycles are holomorphic in the g;, the g; must be holomorphic in w.

*This prevents the family from developing singularities that cannot be resolved. In the A and D cases, this
requirement translates to asking that ®(p) is a reconstructible Higgs [16], i.e., it is written in terms of the Casimir
invariants of the £},’s.

%TSee for example, Appendix B of [26] for a definition of the Slodowy slice.

38



From our perspective, this framework provides a concrete and constructive approach to the
study of non-toric Calabi-Yau geometries and can be regarded as a first step toward understand-
ing geometric engineering beyond the toric regime. Even the simplest examples exhibit physical
properties that remain poorly understood and appear to be related to the scheme-theoretic struc-
ture of the moduli spaces of these manifolds. One of the aims of this work is to stimulate further
interest in this direction and highlight connections with recent developments at the interface be-
tween physics and mathematics. Among the most promising advances toward generalizing toric
geometric engineering is the Generalized Toric Polygon approach, which may ultimately prove

complementary to the perspective adopted here.

In this thesis, we restrict our attention to the most mathematically controlled class of K3-
fibered geometries within this framework, namely the so-called simple flops. These correspond to
ADE fibrations in which all but one of the fiber 2-cycles are obstructed by the Higgs background.
Geometrically, they can be regarded as the simplest non-toric generalizations of the conifold ge-

ometry discussed above.

While the geometric construction described above provides a powerful way to characterize
these backgrounds, the perspective adopted in our first work (content of chapters 5 and 6) differs
from the original Higgs-field approach. In particular, we have seen that a crucial ingredient in
generating obstructed cycles in the threefold geometry is the presence of T-brane backgrounds.
At present, the most concrete understanding of T-branes arises from studying their effects on the

worldvolume theory of probe branes.

To this end, we consider a probe D2-brane extending along the directions transverse to the
Calabi-Yau threefold. The worldvolume theory on the probe is a three-dimensional NV = 2 su-
persymmetric quantum field theory in which the degrees of freedom of the higher-dimensional
theory appear as background fields. When the five- or seven-dimensional modes acquire vacuum
expectation values, the probe theory is correspondingly deformed. In general, this triggers a non-
trivial RG flow whose infrared dynamics can be difficult to determine directly. However, string

dualities provide powerful tools to reconstruct the IR physics of the probe.

In particular, we will see that the moduli space of the D2-brane theory reproduces the Calabi-
Yau threefold geometry induced by the Higgs background. Moreover, the low-energy dynamics of
the probe capture the dynamics of the BPS particles on the Coulomb branch of the geometrically
engineered five-dimensional theory. This reflects the deep connection between D-branes and BPS

states in geometric engineering, whereby wrapped branes provide a microscopic realization of the
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BPS spectrum of the effective field theory.
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CHAPTER

D-BRANE PROBES AND QUIVER GAUGE THEORIES

To introduce our method and place our analysis within the broader framework of worldvolume
supersymmetric quantum field theories, we begin by reviewing the seminal work of Douglas and
Moore [2] on D3-branes probing ADE orbifold singularities. Their analysis revealed that the low-
energy dynamics of the probe branes are described by a class of supersymmetric gauge theories
whose matter content and interactions can be encoded in directed graphs, the so-called quiver
gauge theories. This construction established a deep connection between the geometry of singu-
lar spaces and the structure of supersymmetric gauge theories, and will provide the conceptual

starting point for the probe-brane approach developed in the following,.

2.1 D3-branes probing ADE orbifold singularities

D-branes provide a powerful tool for probing the local structure of string theory backgrounds. A
D-brane that extends along the non-compact Minkowski directions while remaining localized in
the internal space behaves, at low energies, as a dynamical probe of the ambient geometry. When
the number of probe branes is small, their backreaction on the bulk fields can be neglected, and
the probe approximation is valid. In this regime, the worldvolume theory on the brane captures
information about the local structure of the string vacuum. In particular, the scalar fields of the
probe gauge theory parameterize the motion of the brane in the transverse space, so that the

moduli space of vacua of the worldvolume theory reproduces the geometry of the internal space.

A prototypical example of this correspondence arises when a D3-brane probes an orbifold
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singularity. Consider Type IIB string theory on a background of the form
R x C?/T x C, (2.1)

where I is a finite subgroup of SU(2). The quotient C?/T provides an orbifold presentation of the
ADE singularities introduced in the previous sections. Far from the singularity, the theory that
localises on the probe is a N' = 4 supersymmetric QFT with a single vector multiplet carrying a

U(1) gauge symmetry.

To understand qualitatively what happens at the singularity, it is useful to recall the meaning
of taking an orbifold quotient. When a portion of spacetime is quotiented by a discrete group I,
the effect at the level of field theory (and string theory) is to project the Hilbert space onto states
that are invariant under the action of I'. Concretely, this can be viewed as an averaging procedure

over the images of states under the elements of the orbifold group.

In string theory, this structure appears naturally in the partition function, which decomposes
into a sum over the untwisted sector, corresponding to the identity element of I', and the twisted
sectors associated with the non-trivial elements of the group. This sum implements a projection

onto I'-invariant combinations of states.

From the point of view of D-branes, the effect of the orbifold depends crucially on the position
of the brane with respect to the fixed locus of the group action. If a D-brane sits away from the
fixed point, its images under the action of I" are located at distinct points in spacetime. After
performing the quotient, the brane together with all of its images becomes a single brane whose

worldvolume theory is identical to that of a brane probing flat space.

The situation is qualitatively different when the brane sits at a fixed point of the orbifold action.
In this case, the images of the brane coincide in spacetime but remain distinct as objects carry-
ing an equivariant action of the orbifold group I'. From this perspective, the quotient behaves
more naturally as a stack quotient: the resulting geometry retains a ['-equivariant structure that
remembers the quotient symmetry.! The I"-equivariant D-brane states are said fractional branes.
Being only defined at the singular point, they form a new set of localised states. Moreover, at the
singular point, half of the supersymmetry is broken. Hence, the worldvolume dynamics of the
branes form a 4d A = 2 susy QFT. The degrees of freedom are vector multiplets and hypermul-

tiplets. The first is generated by open strings ending on the same fractional brane, the second by

Isometry quotients with non-trivial stabilizers are mathematically described by stacks. When the stabilizer group
is finite the resulting objects are Deligne-Mumford stacks, while more general stabilizers give rise to Artin stacks.
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open strings connecting different ['-images. The spectrum can be derived in the following way.

Let {p;} be the irreducible representations of I" with dimensions d; = dim(p;).

Chan-Paton space. The Chan-Paton space associated with the stack of fractional branes is
taken to be
chr.

Before the orbifold projection, the gauge symmetry of the system is therefore

U(|ry).

Orbifold action. The orbifold group acts on the Chan-Paton indices through the regular em-
bedding
v = U(|T)),

defined by the regular representation R of I'. The regular representation decomposes into irre-

ducible representations as

The orbifold projection requires physical open-string states to be invariant under the simul-
taneous action of I' on spacetime coordinates and Chan—Paton factors. In particular the gauge

generators A must satisfy
A=7(gMlg)", g€l

The surviving gauge symmetry is therefore the commutant of 7(I") in U(|I'|), which yields

H U(dy).

Open-string spectrum. To determine the invariant spectrum, we consider the transformation
properties of open string states. Since open strings carry one fundamental and one antifunda-

mental Chan-Paton index, the Chan—Paton part transforms in
R'®R.
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For the orbifold C?/T, the geometric action of I' acts on the coordinates of C? in the two-

dimensional representation
V ~2

while the remaining complex direction C transforms trivially. The open string states, therefore,

transform in
R'® R®(2,1).

The orbifold group must be embedded in SU(2) so that the action on C? preserves the holo-
morphic two-form, ensuring that the quotient space is a Calabi-Yau twofold.
Projecting onto the I'-invariant subspace and using Schur’s lemma, the spectrum is determined

pi®2= @%‘Pj-

J

by the decomposition

The coeflicients a;; determine the number of bifundamental fields transforming in

(div dj)

under the gauge group [[. U(d;).

Example: C?/Z,. The group Z, has n one-dimensional irreducible representations p;, with

t =0,...,n — 1. The regular representation, therefore, decomposes as
n—1
=@
i=0

The surviving gauge group is

The action of the two-dimensional representation 2 = py @ p; gives
Pi ® 2= pit1® pi-1,
with indices understood modulo n. Hence, bifundamental fields connect neighbouring gauge
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factors. This structure can be represented by a quiver diagram (See Figure 2.1) in which nodes

correspond to gauge factors and arrows represent bifundamental matter fields. The resulting

quiver coincides with the affine A,,_; Dynkin diagram, illustrating the McKay correspondence

between finite subgroups of SU(2) and ADE Dynkin diagrams. To be more explicit, let us define

the orbifold invariant chiral superfields:

1 1 1 1

o Z% o 0
0 0o 2z 0
le i ) 22:
0 0 0z
Zm g 0 0
Wo 0 0 0
0 Wi 0 0
W= oW, -
0 0 Wy 0
0 0 0 W

1

Here, (Zl, 22) are the hypermultiplets and W is the set of chirals in the ' = 2 vector multi-

plets. Our convention is that the map Z(“) goes from node j to node i. The theory inherits a

superpotential from the original (pre-orbifold) N = 4 theory:
W= = TY(W[217 22])
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The corresponding F-terms, (05 Wx=2, 05 Wir=2, Ojj;War=2), determine the vacua of the the-
ory, defined modulo complex gauge transformations [2, 92]. Seen in more abstract terms, the set
of operators (Zl, Z, W) together with the F-term conditions, defines a representation of a non-
commutative algebra associated with the quiver (the so-called non-commutative crepant resolu-
tion of C x C?/Z,,). The center of the algebra reproduces the probed ALE geometry (See Appendix
D). Note that

ZA? _ Z§01)Z1(12) o Z{an,nfl)Zl(nfl,O)]lj Z; _ Z§0n71)22(n71n72) o Z2(21)ZQ(10)]1, (2'3)

7 7{10) 0 0 e 0
0 Z 7z . 0
212y = : : : : (2.4)
0 0 o gl glneine2) 0
0 0 e 0 ALY

The F-term 0}, )Wy - = 0 implies det(Z12,) = (me)Zém))"-
I 2y = (212,)", (2.5)

Since the three factors ZA?, Z;‘, 7y Zs are central elements of the representation, 2.5 becomes a

scalar relation:
xy=z", x= 1/nTr(Z{l), Yy = 1/nTr(Z§), 2= 71D, (2.6)

From the geometric point of view, the algebra governs the structure of the minimal resolution
of the orbifold singularity C?/T". The resolution replaces the singular point with a collection
of exceptional P! curves whose intersection matrix is given by minus the Cartan matrix of the

corresponding ADE Lie algebra. Let us see how the P! emerges in a simple case.

n = 2 case Now we have



We can see that setting Z{m) and Zélo) to zero is sufficient to restrict ourselves to the singular

locus:
(10) _ ~(10) _ _ 72\ _ — 72\ _ — 7T
2y =27 =0 — x=1/2Tr(Z])=0, y=1/2Tr(Z;) =0, z=7Z1Z,=0. (2.7)

So, both Z; and Z, are now nilpotent sl, matrices which gauge fix most of the sl, up to a C*

action:
Z1(01) Zém)

2.8
Cr 1 1 28)

This is the P! of the resolution of A;. The fact that fractional brane vacua reproduce the probed
geometry suggests the existence of a relation between fractional branes and branes wrapped on
vanishing two-cycles. Indeed, the correct description of these localised solitonic states is given in
terms of wrapped higher-dimensional D-branes. In general, these are not elementary branes, but

bound states of branes of different dimensions (in this case, bound states of D5 and D3)[12].

We have seen that the probed geometry determines the vacua of the brane system worldvol-
ume theory. Additionally, the geometric picture provides an interpretation of the couplings of the
quiver gauge theory. The gauge coupling associated with each node is controlled by the effective

Khaler volume of the corresponding exceptional two-cycle . Roughly

1/g7 ~ & (2.9)

. The effective volumes arise in the IR from blow-up modes of the singularity, which correspond
to twisted-sector states of the closed string localized at the orbifold fixed point. The existence
of these modes is what makes the effective theory consistent even in the orbifold limit, that is,
when the bare Khaler moduli tend to zero. In this limit he closed string background effectively
resolves the singularity. In the gauge theory of the probe, this means that the inverse couplings
1/g? are kept finite. Complex-structure deformations appear as complex Fayet-Iliopulos terms
in the superpotential. As any N' = 2 susy qft, the moduli space of the theory splits into two
branches, namely Coulomb branch (CB) and Higgs branch (HB). On the CB the U(1)y factor of
the R-symmetry acts as an isometry. On the HB the SU(2)g factor does. The CB describes the
relative motion of the fractional branes along the singular locus. In this example, it corresponds
to the differences W; — W, in the eigenvalues of the operator V. On the HB the branes form
a bound state that reproduces the integral brane moving along (C?/T")\{(0, 0)}. The bound state

is represented by the collective coordinates x,y, z satisfying equation 2.6. Consistently, Fayet-
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Illiopulos terms deform the HB and eventually, excise the singularity (lift the CB).

2.2 D2-branes probing ADE fibrations

In this section, we review the main aspects of the worldvolume dynamics of a D2-brane probing
ALE surfaces in Type IIA string theory. This will serve us as a starting point for introducing
our approach to the study of Higgs field backgrounds in chapters 1 and 2. We will see that D2-
branes constitute the natural probe in the context developed in [19, 25-27] and reviewed in the
previous sections. We will briefly go through the generalities of 3d qfts with 8 supercharges:
supersymmetry multiplets, moduli spaces, monopole operators. Then, we will present a 3d IR
duality known as 3d mirror symmetry and relate it to string dualities. We will discuss examples
of mirror pairs that will be our building blocks for the contents of Chapters 5 and 6. Finally, we

will compare this approach with D3-brane probes in type IIB.

Let us consider once more the setup of M-theory compactified on ALE spaces. So far, we have

analysed in detail the duality:
M-theory on R'® x A, & r+1D6 branes in Type IA on R"“® x R? (2.10)

We remind that this also holds for singularities of type D,, with the complication of having an
orientifold O6~ plane on top of the » + 1 D6-branes.

We consider the following situation. The D6 branes wrap coordinates z, ..., £, where z, is
compactified to a circle of radius R. Accordingly, M-theory is now defined on R x S% x C x
C?/Z,,. Now we can reduce M-theory on S}, and obtain Type IIA string theory® on the background
R x C x C?/Z,. So, now we have a duality of two distinct Type IIA configurations realized
through the M -theory uplift:

r+1 D6 branes in Type TA on R’ xSEpxCxR? <  TypellAon R“¥xCxC?/Z, (2.11)

We can start from M -theory and either reduce on the circle fibration of the ALE space, which
would give the right-hand result, or reduce on the S} and obtain the one on the left-hand. This
duality is often called the 9-11 flip (9 and x1; were the coordinates parametrizing the two circles).

In fact, the transition from one theory to the other can equivalently be obtained with the com-

2The low energy limit of Type IIA is the g; — 0 limit of 11d SUGRA compactified on a circle

48



position of T and S dualities: 7’ST. When we reduce to S}, the geometrically engineered theory
becomes a 6d SYM gauge theory with 16 supercharges. The Higgs field ® controlling complex
deformations of the ALE is the massless mode of the KK reduction along S}.

Now, if we add an M 2-brane stretched along z¢, z1, z2 in M-theory, this will descend to a
D2-brane probing the stack of D6 branes in one case, and the space R x C x C?/Z,,, in the

second.

At the singularity, the D2 will experience a similar fate to the D3, forming a stack of fractional
states associated with the irreducible representations of the orbifold group Z, ;. The effective
low-energy theory is a 3d quiver gauge theory with 8 supercharges, i.e., N' = 4 supersymmetry.
Gauge and matter multiplets can be read from the dimensional reduction of 4d ' = 2 supersym-

metry. We list here the bosonic components of vector multiplets and hypermultiplets in 3d.
(2.12)

The fourth component of the 4d vector is now a real scalar ¢ parametrizing the position of the
D2 brane along Sj. ¢ is a complex scalar parametrizing motion along the C-plane transverse to

the D2 and the orbifold. ¢ and ¢ are complex scalars in conjugate representations of the gauge

group.

¢r+1

¢ gy B =1 ¢, T @,

Figure 2.2: A, theory. For each node 7,7 = 1,...,r + 1, there is a N’ = 4 U(1) vector multiplet
V; containing a N' = 2 vector multiplet and an adjoint chiral ¢;. Pairs of oriented lines between
adjacent nodes represent bifundamental hypermultiplets (g;, G;).-
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The quiver has the shape of the affine Dynkin diagram of the corresponding ADE Lie algebra
[2]. Its nodes correspond to fractional D2-branes, and each node carries an ' = 4 vector multiplet
with gauge group U(n;), where n; is the dual Coxeter label of the i-th node in the associated
Dynkin diagram. Bifundamental hypermultiplets are represented in the quiver by pairs of arrows

connecting adjacent nodes. Figure 6.2 illustrates the case of the A, quiver.

For the A, theory, the gauge group is

(H U(1)> JU(1).

The vector multiplet chiral fields ¢; couple to the hypermultiplets (g;, ¢;) through the N’ = 4

superpotential
r+1

W= Z(¢z — 9i-1)4iGi , (2.13)
i=1
with ¢g = ¢,41. In addition, the D-term potential imposes the relations

\@|* + 1Gi-1]? = |@l]? = lga /=0  i=1,...,r+1. (2.14)

Besides its dynamical deformations, the theory admits background deformations by mass pa-
rameters and FI terms. In the A, case, there is a single complex mass parameter that cannot be
reabsorbed by shifts of the fields ¢;; it can be interpreted as the scalar in a background vector
multiplet for a U(1) flavor symmetry [93]. Since the theory is three-dimensional, one may also
turn on the corresponding real mass parameter. In addition, the theory possesses r triplets of
FI parameters. Each triplet splits into a complex FI parameter, entering the superpotential, and
a real FI parameter, modifying the D-term relations (6.37). These FI terms can be regarded as
background vector multiplets for an additional rank-r flavor symmetry characteristic of three-
dimensional gauge theories. Geometrically, the FI correspond to the sizes of the P! cycles blown

up in the resolution or deformation of the surface.

This extra symmetry is the topological symmetry. For each U(1) factor in the gauge group,

there is a conserved one-form current

JT:*F:d’}/,

50



which generates a U(1)r symmetry. -y is a compact scalar known as the dual photon. It represents
the states charged under the topological symmetry, under which it shifts by multiples of 27 /g%
In many examples, this abelian symmetry is enhanced in the infrared to a non-abelian one [28,
94, 95]. In quiver gauge theories, this enhancement occurs when the nodes are balanced, namely
when the number of flavors attached to a gauge node is twice its rank. For the quiver gauge
theories living on a D2-brane probing an ADE singularity, the topological symmetry enhances

precisely to the Lie group associated with the corresponding ADE algebra [33, 94, 95].

The operators charged under the topological symmetry are the monopole operators. These are
local disorder operators® that are most naturally defined in the infrared conformal field theory
[30]. In 3d Maxwell theory, they can be perturbatively defined in terms of an exponential of the
scalar o and of the dual photon:

=5 (o+i7)
Vin~es (2.15)

Here, £1 is the charge under the topological U(1).

For an abelian gauge group U(1)", the corresponding topological symmetry is U(1)%, and
monopole operators are labeled by their magnetic charges,

le,...,mn .

For a non-abelian gauge group G of rank r, abelian monopole operators are similarly associated

with the Cartan subalgebra f) C g, and are labeled by magnetic charges V,,,, .. ,,,. Gauge-invariant

operators are obtained by taking Weyl-invariant combinations of these monopoles together with

the complex scalars in the vector multiplets.

2.2.1 Moduli space of vacua

The moduli space of vacua splits into two branches, the Higgs branch (HB) and the Coulomb
branch (CB). As opposed to the 4d case, in which the HB is HyperKhaler while the CB has a spe-
cial Khiler structure, the two branches are both HyperKhiler. Aside from their perturbative defi-
nition, in terms of vevs of hypermultiplet and vector multiplet scalars, they can be distinguished
non-perturbatively by their group of isometries. This is a SU(2) subgroup of the R-symmetry
SU(2)c x SU(2)g. SU(2)y is the component acting on hypermultiplets in the doublet represen-

3When inserted in the path integral, a monopole operator imposes monopole-like boundary conditions for the
gauge field, producing a magnetic flux through a sphere surrounding the insertion point.
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tation, also present in 4d. SU(2)¢ is the non-abelian enhancement of the U(1) that in 4d acts on

the complex scalar in the vector multiplet. The scalars (o, ) form a triplet of SU(2)¢.

« The Higgs branch is classically exact. It is parametrized by vacuum expectation values of
gauge-invariant combinations of hypermultiplet scalars, modulo the classical F-term rela-
tions. In quiver language, these operators correspond to closed paths in the quiver. For ADE
quivers, the resulting Higgs branch is always a complex surface of dimension two, and in
fact reproduces the ADE surface probed by the D2-brane.

When the hypermultiplets acquire non-zero vevs, the gauge group is completely broken,
up to the diagonal U(1) which always decouples. From the brane point of view, this corre-
sponds to recombining the fractional branes into a single D2-brane moved away from the
singular point. The decoupled diagonal U(1) describes the free center-of-mass multiplet,
whose scalars parametrize the motion of the brane in the three directions transverse to the
ADE surface.

+ The Coulomb branch, by contrast, receives quantum corrections. At a generic point on this
branch, the three real scalars in the A/ = 4 vector multiplets acquire vacuum expectation
values, breaking the gauge group to its maximal abelian subgroup. The remaining massless
abelian gauge fields can then be dualized to scalars, and the Coulomb branch becomes a

hyperkéhler manifold whose metric is corrected quantum mechanically.

In the V' = 2 language, an N/ = 4 vector multiplet decomposes into an N’ = 2 vector mul-
tiplet and an adjoint chiral multiplet. Quantum mechanically, the appropriate coordinates
on the Coulomb branch are not just the classical vector multiplet scalars, but monopole
operators [31]. Their vevs satisfy non-trivial relations. For example, in a 3d N' = 4 U(1)

gauge theory with NN, flavors, there are two basic monopole operators V. obeying

Ny
VoV =[] Mi(e my), (2.16)

i=1
where M;(p, m;) is the mass of the i-th hypermultiplet, expressed in terms of the complex
scalar ¢ in the vector multiplet and the mass parameters m;. When all m; vanish, this

reduces to
V+V— = SONf >

showing that the Coulomb branch develops an Ay, _; singularity. For higher-rank theo-
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ries, the Coulomb branch geometry is more intricate, but monopole operators continue to

provide its natural quantum coordinates.

Masses and FI parameters deform the two branches in complementary ways. In the U(1)
theory with N, flavors, turning on complex masses deforms the Coulomb branch to a smooth
space, while simultaneously lifting the Higgs branch by giving mass to the hypermultiplets. In
ADE quiver gauge theories, FI parameters instead act naturally on the Higgs branch: turning on
the FI parameter associated with a node corresponds to blowing up the corresponding cycle in the
singular surface. Real FI parameters resolve the surface, while complex FI parameters deform it.
From the string-theory perspective, these FI parameters arise from background vector multiplets
associated with the topological symmetry. These vector multiplets are the 7d vectors that descend
from the supergravity Cs field and from wrapped M 2-branes in the geometric engineering setup
introduced at the beginning.

2.2.2 3d mirror symmetry

Both the Higgs and Coulomb branches are hyperkahler manifolds. This suggests the existence of

pairs of theories in which the two branches are exchanged. More precisely, given a theory A with
My=HBs xCBy,

there may exist a theory B with
MB = HBB X CBB,

such that
HB, =CBg, CBs= HBjp.

This infrared duality is known as mirror symmetry [28]. In addition to exchanging Higgs and

Coulomb branches, mirror symmetry maps FI parameters to masses, and masses to FI parameters.

One of its main advantages is that it translates the quantum problem of determining the
Coulomb branch into the classical problem of studying the Higgs branch of the mirror theory.
For ADE quivers, the mirror can be reconstructed directly from the brane setup by uplifting the

type IIA configuration to M-theory and performing the 9-11 flip discussed in the previous section.

For instance, in the A, case, a D2-brane probing the singular surface Sy, is mapped to a D2-
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brane probing a stack of  + 1 Dé6-branes in flat space. The quiver theory is then mirrored by
a 3d U(1) gauge theory with r + 1 flavors. The mass parameter of the A, quiver is mapped to
the single FI parameter of the U(1) theory, while the hypermultiplet masses m; of the latter are
mapped to the geometric moduli of the surface, encoded in background vector multiplets for the

topological symmetry.

2.2.3 D2-branes probing an A; singularity and its mirror

We now turn to the simplest example, namely the A; singularity. This case illustrates explicitly

the general discussion above and will serve as the basic building block for more complicated

singularities.
q1
b1 &
42

Figure 2.3: A; quiver.

The worldvolume theory of a D2-brane probing the A; singularity is a 3d N = 4 quiver gauge

theory with the quiver shown in Figure 2.3 and superpotential

Wg = (¢1 — ¢2)(1q1 — 2G2) - (2.17)

We refer to this theory as Theory B. One linear combination of the two U(1) gauge factors decou-
ples, so the interacting part is simply a U(1) gauge theory with two hypermultiplets; the scalar

in the coupled vector multiplet is

G- =¢1— ¢

This theory is self-mirror. Its mirror, which we call Theory A, is again a U(1) gauge theory

with two hypermultiplets, together with a decoupled hypermultiplet, and superpotential

Wi =p(QiQ1 + Q2Q2). (2.18)
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In the type IIA picture, Theory A describes a D2-brane probing a stack of two Dé6-branes in flat
space, which is related to the singular geometry of Theory B by the 9-11 flip.

Mirror symmetry exchanges gauge-invariant operators of Theory A and Theory B, and in
particular swaps Higgs and Coulomb branch coordinates. In this simple example, the map is

completely explicit [31]. The map between C'Bg and H B, is

o wy o Q1Q~1 Q1Q2 7 (2.19)
w- —¢- Q201 Q202
where w. are the monopole operators of the relative U(1) in Theory B, and the matrix on the

right is the meson matrix of Theory A.

Similarly, the map exchanging H Bg and C By, is

({1({1 —({1(]2 o[ P T ’ (2.20)
G291 —q2G2 v- =
where the left-hand side gives Higgs-branch coordinates of Theory B, while the right-hand side

gives Coulomb-branch coordinates of Theory A.

This example makes manifest that mirror symmetry exchanges mesonic operators with monopole
operators, and, more generally, that it maps the quantum description of one branch into the classi-
cal description of the other. This will be the basic mechanism repeatedly exploited in the following

chapters.

2.2.4 The A; T-brane and N = 2 mirror symmetry

In this section, we briefly show with a simple example how the T-brane backgrounds that were
introduced in Section 6, are detected by the D2 probe[37]. For SU(2), a T-brane is defined by the

Higgs background
01
o = . 2.21
) )

55



Theory A

Let us first analyse its effect in the D6-brane vacuum picture. Here, the worldvolume theory on
the D2 is U(1) with 2 flavours, theory A, as we called it above. A vev for the Higgs field appears

as a background mass deformation on the D2, which appears in the superpotential:
DALO = oW ~ Tr(2QQ). (2.22)
For the profile in 2.21, the deformation is:
5o Wa = mQaQ1. (2.23)

Note that the mass term breaks supersymmetry down to A/ = 2 because @ is non-diagonalizable

(then, [®, ®T] # 0). If we integrate out the massive fields, the effective superpotential yields:

1 .
Waepr = ——9*Q1Qs. (2.24)
m

The effective theory has no flavour symmetry. The meson Q; Qs is the only remnant of the origi-

nary HB, namely the SU(2) instanton moduli space. It is reasonable to expect that the CB becomes

1
CBy: Vo V. =——p (2.25)
m

Indeed, we expect a singularity to appear in the CB when the charged chirals become massless.
We can see that the deformation has left the singularity structure of the CB unchanged. Now let
us exploit the 3d N' = 4 mirror symmetry to see what happens to the D2-brane probing the A;

singularity with ® turned on.

Theory B

Applying the mirror map 2.19, we get

boWa =mQQ1  +—  Wg =muw_. (2.26)

mairror

The first observation to make is that the T-brane generates a monopole deformation in theory

A. The authors in [37] showed that this is a good way to define what a T-brane is, which is
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independent of the Type IIA construction. A way to reconstruct the RG flow triggered by 2.26 is to
follow the effects on the mirror side and eventually apply mirror symmetry to the effective theory.
However, mirror symmetry is no longer as well-defined as before, since monopole deformations
break supersymmetry to N’ = 2. Then, we lose the non-perturbative distinction between CB
and HB. Nevertheless, when the ' = 2 3d theory is obtained from a susy breaking deformation
of a N' = 4 UV theory, it is still possible to identify a mirror map in the IR.* Let us illustrate
the mechanism in this simple case. To derive the effective IR description of theory B, we need to
understand what the dual of theory A is in the IR. Integrating out the massive fields has produced a
N = 2 supersymmetric theory with two electrons, a U(1) gauge group, and the superpotential in
equation 2.24. To derive its mirror, we first discuss the case of U(1) with one flavor and vanishing

superpotential.

N =2 U(1) with 1 flavour and W = 0

We start from the N' = 4 parent theory, that is, U(1) with one hypermultiplet. We deform the

superpotential with a mass term for the chiral ¢:
Waep = $QQ + X&. (2.27)
Here, X is a singlet field acting as a Lagrange multiplier [31]. Upon integrating out ¢ we get

Waps = 0. (2.28)

N = 2 mirror

The mirror of U(1) with one hypermultiplet is a free hyper (Y, Z)>. So originally, there is no

superpotential. The superpotential is generated by the deformation, which appears as:

o =XYZ (2.29)

4Usually there are consistency checks that can be made: list the symmetries on both sides, compare the super-
conformal indeces of the two theories, match the monopoles of one theory with the mesons of the other, and vice
versa. We stress that mirror symmetry is a bit of a misnomer in A = 2 susy theories. The duality is not related to
the geometry of the branches in the moduli space. It should be conceived as a 3d Seiberg-like duality that acts by
exchanging mesons and monopoles.

>This can be seen from the moduli space. The existence of a HB is excluded by the superpotential. The CB is
V. V_ = ¢, which is isomorphic to C2.
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This is the so-called XY Z model, whose moduli space is the union of the three cones spanned by
X, Y, Z. Now we can treat the effective A theory as a deformation of 2.2.4 by the superpotential
term 2.24. Then, the mirror is a XY Z model with a deformed superpotential:

X X
Why==(YZ—-¢*) = ——det. (2.30)
m

m
The theory has a manifest SU(2) global symmetry, under which fields (p,Y, Z) transform as
a triplet. The vevs of the matrix 91 parametrize the nilpotent cone of A, that is, the C?/Z,
singularity probed by the D2-brane. The SU (2) triplet is indeed the effective description of the 2
hypers of the original A theory. X is a neutral field that originally corresponded to the monopole
w. It parametrizes what is left of the CB of theory A, that is, a C-plane.

Therefore, we can draw the following conclusions:

« The monopole deformation breaks the topological symmetry completely and induces the
condensation of the charged matter fields into gauge invariant operators, namely mesons
() and baryons (Y, Z).

+ The monopole term can be interpreted as the signal of an obstruction to resolving the singu-
larity. The signal is the absence of the real FI term that controls the volume of the exceptional

P!, which only couples to the U(1) gauge field.

« For monopole operators identified by a charge vector that corresponds to a simple root o of
the ADE Lie algebra, the deformation has a local effect on the quiver gauge theory. It affects
only the part of the spectrum that is charged under the U(1) gauge factor corresponding to
the dual Cartan element a*. The effect of the deformation can be qualitatively described by
removing the node associated with the U(1) and composing the arrows across the node to

form invariants.

Another confirmation of the identification between the monopole operator deformation and the
T-brane configuration arises from the interpretation of three-dimensional monopole operators
as wrapped M 2-branes in the geometric engineering framework of M -theory. Upon reduction
to Type IIA string theory, the M 2-brane is mapped to a D2-brane wrapping the corresponding
two-cycle. In this picture, the fractional D2-brane can equivalently be described as a D4-brane

wrapped on the same two-cycle. From the perspective of the D4-brane worldvolume theory,
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the wrapped D2-brane appears as a solitonic state that sources a non-trivial flux for the five-

dimensional field strength.

From D3 to D2-probes As a final comment, let us highlight the connection between the D3-
brane case discussed in Section 2 and that involving the D2. First, consider a D3 probing an
ADE singularity in Type IIB string theory. Then, compactify to S}, one of the directions wrapped
by the D3-brane. Let it be x4 as in the case illustrated above. With a T-duality along S%, we
land on Type IIA. The circle is mapped to a new circle of radius R = v/o//R/, and the D3 has
become a D2-brane. This is precisely the configuration we have just described. The real scalar
o, parametrizing the position of the D2 along S}, is mapped to the Wilson line of the 4d vector
wrapping S%,. The non-compact limit R’ — oo corresponds to R — 0, a limit in which o is forced
to zero. In this limit, the Coulomb branch of the D2 collapses on its origin, but the Higgs branch
survives untouched. This means that the moduli spaces of D3 and D2-probe reproduce the ALE

geometry in the same way.

Before closing this section, we want to reinforce some key takeaways:

« Geometric singularities give rise to new localized brane states, known as fractional branes.

« A probe D3- or D2-brane can be understood as a bound state of a distinguished set of
fractional branes, whose low-energy effective dynamics are described by a quiver gauge

theory.

« The moduli space of the gauge theory reproduces the probed geometry across its vari-
ous phases. In particular, the fully resolved phase corresponds to the regime in which all
Fayet-Iliopoulos (FI) parameters are turned on. In this picture, the moduli space describes
the motion of the D3- or D2-brane along the transverse directions, so that the probe is

identified with a point on the ALE space.

By contrast, fractional branes are not associated with points, but rather with 2-cycles: a frac-
tional D2- (respectively D3-) brane can be understood as a D4- (respectively D5-) brane
wrapped on an effective 2-cycle inside the Calabi-Yau geometry. Considering the worldvol-
ume theory of a single wrapped brane, one finds that its moduli space is a complex line. This

reflects the fact that the moduli space of deformations of the corresponding curve inside the
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total space ADFE x C is isomorphic to the complex plane, over which the ADE singularity
is trivially fibered.

Schematically, this correspondence can be summarized as

Gauge Theory Description Geometric Description

fractional branes (wrapped branes) stable sheaves on curves

probe brane stable sheaves at points
fractional brane moduli space moduli space of stable sheaves on curves
probe moduli space moduli space of stable sheaves at points

As discussed previously, branes wrapped on effective curves within the geometry are identi-
fied with stable BPS states in the corresponding geometrically engineered theory—seven-dimensional
in the case of trivially fibered ADE geometries, and five-dimensional for a generic Calabi-Yau
threefold.

We conclude this review by relating the quiver gauge theory description to that of geometric
engineering on the same Calabi-Yau threefold. In this framework, the quiver provides a natu-
ral language to describe and analyze the stability of coherent sheaves—or equivalently wrapped
branes—on the threefold, thereby encoding the BPS spectrum of the corresponding five-dimensional
theory. This perspective will serve as the starting point for the discussion of geometric engineer-

ing of five-dimensional SCFTs and BPS quivers in the next section.
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CHAPTER

5D SCFTs, BPS QUIVERS AND GEOMETRIC ENGI-

NEERING

One of the most remarkable insights provided by string theory is the existence of interacting
quantum field theories in spacetime dimensions greater than four. From the perspective of con-
ventional quantum field theory, such theories are highly unexpected: perturbative arguments
indicate that gauge theories in dimensions higher than four are non-renormalizable and there-
fore ill-defined in the ultraviolet. Nevertheless, string theory furnishes a geometric framework in
which strongly coupled superconformal fixed points arise naturally, often without admitting any

Lagrangian description.

Five-dimensional superconformal field theories provide a particularly subtle realization of this
phenomenon. Their peculiarity can be understood from a simple scaling argument. In five dimen-
sions, the Yang—Mills coupling has positive mass dimension, [g7,,;] = mass™!. As a consequence,

the dimensionless effective coupling at an energy scale E behaves as
9ex(E) ~ gy E

It follows that the theory is infrared-free, becoming weakly coupled at low energies, whereas the

effective coupling grows at high energies, signaling the breakdown of the perturbative description.

This behavior has an important conceptual implication. In contrast to four-dimensional theo-

ries, where non-trivial fixed points can often be identified by following the renormalization group
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flow of a weakly coupled theory, in five dimensions, this strategy fails. The RG flow of a weakly
coupled gauge theory always moves away from the ultraviolet regime where an interacting fixed
point could exist. In this sense, the search for non-trivial 5d fixed points requires reversing the
usual logic of quantum field theory: rather than flowing from weak to strong coupling, one must
instead postulate the existence of a strongly coupled ultraviolet fixed point and understand weakly

coupled gauge theories as deformations away from it.

Because of this intrinsic limitation of field-theoretic methods, geometric and string-theoretic
constructions play a central role in the study of 5d SCFTs. Their existence was first uncovered
through M-theory geometric engineering on singular Calabi-Yau threefolds [20, 38-41, 58, 64, 90,
96-100] and independently through Type IIB (p, q) five-brane webs [7-9, 11, 14, 15, 44, 87, 101—
105], which provide a complementary description of the same fixed points. In these frameworks,
the data of the quantum field theory—such as couplings, mass deformations, global symmetries,
and BPS spectra—are encoded in the geometry of the threefold and its singular limits. In the
following, we generalise the discussion on M-theory geometric engineering to generic Calabi-
Yau threefolds and present a powerful tool to characterize the spectrum of stable particles of the

SCFT: the BPS quiver. This review section is intended to guide the reader through chapter 7.

3.1 Geometric engineering on local CY3: generalities

In close analogy with the two-dimensional case discussed in Section 1.1, gauge and flavor sym-
metries in M-theory compactified on a local Calabi-Yau threefold X are encoded by harmonic

two-forms. Let {w;} be a basis of H!'!(X). Expanding the three-form potential as
Cs=A"ANwr+ -+, (3.1)

one obtains five-dimensional vector fields A’. Normalizable two-forms, Poincaré dual to compact
divisors S; C X, give rise to dynamical vector multiplets, while non-normalizable two-forms,
dual to non-compact divisors, correspond to background vector multiplets associated with flavor

symmetries.

The charged BPS spectrum arises from wrapped branes. M2-branes wrapped on compact

holomorphic curves C' C X give rise to electrically charged particles with charges

qu/wfsz-C, (3.2)
C
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and masses

My (C) = / J, (3.3)

c
where J is the Kahler form. M5-branes wrapped on compact divisors S; instead give rise to

magnetically charged strings, with tensions scaling as

Tars(S1) N/s JNJ. (3.4)

This reflects the fact that M2-branes couple electrically to C3, while M5-branes are magnetic

sources.

The Kahler form admits an expansion
J=¢'wr, (3.5)

where the real scalars ¢! parameterize the Coulomb branch of the five-dimensional theory. The

low-energy effective action is determined by a cubic prepotential
1
F(o) = ECIJK o'’ " (3.6)
where the coeflicients are given by the triple intersection numbers of divisors,

Crik =S-S5 Sk . (3.7)

Non-abelian gauge symmetry arises when the compact divisors are ruled surfaces. Concretely,
a ruled surface S is a fibration
m:8 =X (3.8)

whose generic fiber is a rational curve f ~ P'. M2-branes wrapped on the fiber class give rise to

the WW-bosons of the enhanced gauge symmetry, with masses

mWNAJ, (3.9)

which vanish when the fiber collapses. The volume of the base curve Y instead controls the gauge
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coupling,
1
—— ~ vol(X). (3.10)
9vym
The Dirac pairing between electric particles and magnetic strings in five dimensions is geometri-

cally realized by the intersection pairing

Indeed, an M2-brane wrapped on a compact curve C' defines an electrically charged particle, while
an M5-brane wrapped on a compact divisor S defines a magnetically charged string, and their

pairing is given by the intersection number
(s,C)=5-C. (3.12)

When the compact divisors are ruled surfaces and the shrinking fiber curves f; ~ P! form an
ADE configuration, these intersection numbers reproduce the Cartan matrix of the enhanced
gauge algebra,

S fi=—Cyi, (3.13)

up to conventions. Thus the wrapped M2-branes on the fiber classes give the 11/-bosons associated
with the simple roots, while the wrapped M5-branes on the compact divisors give the magnetic

strings associated with the dual coroot lattice.

The Kahler moduli thus parameterize the extended Coulomb branch, including mass defor-
mations associated with non-compact divisors, which correspond to non-dynamical background
fields. In contrast, complex structure deformations are parameterized by H*!(X) and are en-

coded in the periods of the holomorphic three-form {2 over a symplectic basis of three-cycles

(AI,BI) C Hi(X,Z),
XI:/ Q, ]—“1:/ Q, (3.14)
Al B

with intersection pairing

A'nB, =6, AlnA’ =0, BNB;=0. (3.15)

In the local, non-compact setting, only normalizable complex structure deformations corre-

spond to dynamical fields in the five-dimensional theory. These are associated with compact
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three-cycles and arise in symplectic pairs, ensuring a well-defined period structure. Normaliz-
ability guarantees finite kinetic terms and thus identifies genuine moduli. From the field theory
perspective, these modes correspond to Higgs branch directions, as they describe finite-energy de-
formations smoothing the singular geometry. Non-normalizable deformations, on the other hand,
modify the asymptotic structure of the Calabi-Yau and are interpreted as background parameters

rather than vacuum expectation values of dynamical fields.

Remark. For non-compact Calabi-Yau threefolds, the structure of three-cycles differs from the
compact case. In particular, compact three-cycles need not organize into symplectic pairs among
themselves. While for compact Calabi-Yau threefolds the intersection pairing defines a non-
degenerate symplectic form on H3(X,Z), in the non-compact case, the natural non-degenerate

pairing involves compact and relative homology, schematically
HPY(X) x H3(X,0X) — 7. (3.16)

As a consequence, the intersection form restricted to compact three-cycles may be degenerate.
The number of compact three-cycles that do not admit a compact dual—that is, the number of
“unpaired” cycles—is given by the dimension of the kernel of this restricted intersection form. A
simple example is provided by the deformed conifold, where a single compact S® appears without
a compact dual cycle, the latter being non-compact. From the physical viewpoint, these unpaired
compact three-cycles correspond to normalizable complex structure deformations that are not
paired within the compact sector, but still give rise to genuine Higgs branch moduli in the five-

dimensional theory.

3.2 5d SCFTs and BPS quivers

The BPS spectrum of M-theory on a Calabi-Yau threefold X is generated by wrapped M2- and
M5-branes. These configurations preserve supersymmetry because the relevant wrapped cycles
are calibrated: M2-branes wrap holomorphic curves, calibrated by the Kéhler form .J, while M5-
branes wrap holomorphic divisors, calibrated by %J A J. Since the volumes of the wrapped cycles
are the masses of the branes, and calibrated cycles minimize volume in their homology class, the

wrapped branes saturate the BPS bound
[Z(V)] < M(). (3.17)
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Where + is the charge vector of the M2 or M5 brane state, and Z is the central charge of the su-
persymmetry algebra, evaluated on the state. In order to study the BPS spectrum on the Coulomb
branch while avoiding a direct treatment of tensionless strings, it is convenient to compactify
the five-dimensional theory on the M-theory circle and consider the resulting four-dimensional
N = 2 Kaluza—Klein theory. Under the M-theory/type IIA duality, an M2-brane wrapped on a
compact curve C' descends to a D2-brane wrapped on C, while Kaluza-Klein momentum along
the circle becomes DO-brane charge. Similarly, an M5-brane wrapped on a compact divisor S and
on the external circle gives a D4-brane wrapped on .S, which appears as a particle in four dimen-
sions. Therefore, the charge lattice of BPS particles in the KK theory is naturally identified with
the even compact homology

Tgps = HE (X, Z) = HP'(X,Z)® H™ (X, Z) @ HP (X, Z) =2 22 (3.18)
corresponding respectively to D0-, D2- and D4-brane charges. The integers r and f are respec-
tively the rank of the Coulomb branch and the number of conserved flavour charges, including

the KK momentum

Actually, this correspondence can be reformulated as an equivalence between the BPS cat-
egory of the 5d theory compactified on a circle and the bounded derived category of coherent

sheaves with compact support on a crepant resolution X of the singular Calabi-Yau [106]:
Taps (DsiTY) =~ D'(Cohy (X)) (3.19)

From the type IIA viewpoint, the relevant BPS particles are thus D0/D2/D4 bound states, and in
the B-model description, they are represented by B-branes, namely objects of the derived category.
This provides a categorical framework in which questions about the BPS spectrum are translated
into questions about stable objects in Db(Cotht()? ).

The interpretation of wrapped branes in terms of objects in the derived category of sheaves
allows us to shed new light on the mysterious connection between branes at singularities and
quivers. In the review section 2.1, we have discussed the generation of fractional brane states at
orbifold singularities, and we have seen how fractional branes give rise to gauge theories that
are naturally described by a quiver. In this description, a configuration of fractional branes is a
representation of the quiver path algebra, and the stable representations correspond to the super-
symmetric vacua of the gauge theory associated with the fractional brane configuration. Finally,

we have argued that fractional branes are nothing but bound states of higher-dimensional branes
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wrapped on the vanishing cycles of the singular geometry.

Indeed, the mathematical reason for the appearance of the quiver is the existence, in many rel-
evant non-compact Calabi-Yau examples, of a derived equivalence between coherent sheaves on
the resolution and modules over a noncommutative crepant resolution, often realized concretely
as the Jacobian algebra of the quiver with potential'. In CY orbifold examples, a non-commutative
crepant resolution of the space always exists and is represented by a quiver of Dynkin shape. The
representation theory of the quiver is the derived category of coherent sheaves on the resolved
space and its equivariant structure under the orbifold group is dictated by the derived McKay
correspondence [107].

In general, when a suitable tilting object exists, one has an equivalence of triangulated categories
of the schematic form
D'(Coh(X)) =~ D(mod-A), (3.20)

where A is the relevant quiver algebra.

Now, from equivalences 3.19 and 3.20 we argue that the physically stable BPS particles cor-
respond to stable objects in the derived category, which in the quiver description become stable
representations in the sense of King [108]. In this way, the notions of stable BPS state, stable
quiver representation, and stable coherent sheaf are different incarnations of the same underly-
ing concept. It follows that the spectrum of stable particles in the five-dimensional theory, after
compactification on a circle, can be studied through the representation theory of the associated

BPS quiver.

A BPS quiver provides an effective description of the spectrum of stable states in a given
chamber of the moduli space. It encodes a choice of basis of elementary BPS states, whose charges
{7:} generate the charge lattice in that chamber. Each node of the quiver corresponds to one such

elementary state, while the arrows are determined by the Dirac pairing
(vi: ) E L, (3.21)
so that the antisymmetric adjacency matrix of the quiver coincides with the Dirac pairing matrix:
B;; = (# arrows i — j) — (# arrows j — 1), (3.22)

Flavour charges have by definition zero Dirac pairing with everything, so that having the matrix

'Look at Appendix D for the definition of quiver path algebras and algebras with potential
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B, we can immediately identify the flavour and Coulomb charges respectively as

I'y =ker B, I'. =T, = cokerB, (3.23)

Le.
f=dimkerB,  2r=1kB. (3.24)

In this way, the quiver captures both the charge lattice and the structure of electromagnetic
interactions among BPS particles. In the geometric engineering framework, the charge vectors are
identified with elements of H' (X, Z), so that the Dirac pairing is inherited from the intersection

even

pairing of the Calabi-Yau threefold.

From a physical perspective, quiver representations describe BPS bound states and admit an
interpretation in terms of supersymmetric quantum mechanics on the worldline of the corre-
sponding particle. Given a charge v = ) . d;7;, one associates a representation of the quiver with
dimension vector d = (d;), whose dynamics is governed by a one-dimensional N' = 4 supersym-
metric quantum mechanics determined by the quiver and its superpotential. The classical moduli
space of vacua of this quantum mechanics coincides with the moduli space of stable quiver rep-
resentations, and upon quantization, its cohomology encodes the protected quantum numbers of
the BPS state. In particular, BPS indices can be computed in terms of topological invariants of

these moduli spaces.

To sum up, we can rephrase the chain of equivalences in this way

. Coherent sheaf with Representation of A with
BPS state with ) )
Chern vector ~ dimension vector (3.25)
charge
- v € KoD.(X) vy

The BPS quiver, therefore, constitutes a fundamental datum in the analysis of the spectrum
of BPS states. For cDV geometries, the associated quivers are unoriented and endowed with
a comparatively simple algebra of relations, rendering their representation theory amenable to
direct analysis; this is developed in detail in Appendix D. In contrast, for higher-rank theories, the
structure of the quiver becomes considerably more intricate, and for generic Calabi-Yau threefolds,

a corresponding BPS quiver is, in general, not known.

In 7, we will demonstrate that the Reid Pagoda, one of the simplest examples of simple flops,
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admits orbifold quotients that possess crepant resolutions. These resolutions are naturally en-
coded by quivers, which we construct via the generalised McKay correspondence [107]. This
framework constitutes a substantial refinement of the classical McKay correspondence and, cru-
cially, enables one to deduce information about the BPS spectrum of quotient geometries from

the analysis of the spectrum of the parent geometry[109-111].
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CHAPTER

THE GEOMETRIC TOOLKIT: ALGEBRAIC SPACES

AND SINGULARITIES

By definition, a Calabi-Yau manifold is a compact Kahler manifold with vanishing first Chern
class. By Yau’s solution of the Calabi conjecture, such a manifold admits a unique Ricci-flat Kah-
ler metric in each Kéhler class, thereby providing the geometric input required by the low-energy
effective theory (Ricci-flatness is necessary to have at most SU(n) holonomy). The Kéhler condi-
tion equips the manifold with a symplectic form compatible with an integrable complex structure,
implying that deformations of the metric split into complex structure and Kahler moduli governed
by Dolbeault cohomology. As a consequence, many physically relevant quantities—such as su-
perpotentials, BPS observables, and protected couplings—depend holomorphically on the moduli
and are therefore stable under perturbative quantum corrections. These holomorphic and coho-
mological structures are naturally and efficiently encoded within algebraic geometry. Moreover,
by Kodaira’s embedding theorem, any compact Kéhler manifold with integral Kahler class ad-
mits a projective embedding; in particular, smooth complex projective varieties are automatically
Kéhler, placing a large and physically relevant class of supersymmetric compactification spaces
within the category of algebraic varieties. Beginning in the 1990s, further impetus for this alge-
braic-geometric perspective arose from the study of string theory dynamics near singular limits
of Calabi-Yau moduli spaces, particularly in the neighborhood of orbifold points. In such limits,
smooth Calabi-Yau manifolds degenerate to singular spaces that nonetheless remain physically
meaningful within string theory. It was observed that, in type IIA and type IIB compactifications,

the effective physics localized near codimension-four singularities is governed by ADE Lie alge-
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bras, appearing through gauge symmetry enhancement and the emergence of additional massless
degrees of freedom. This phenomenon generated a strong interest in the classification of singular
degenerations of K3 surfaces—where the ADE correspondence plays a fundamental role—and later
of Calabi-Yau varieties in higher dimensions. As emphasized in the analysis of Witten [Witten,
2002, singularities in string theory], such singular spaces should not be regarded as pathological

but rather as essential loci encoding genuinely non-perturbative physics.

From a mathematical standpoint, singular geometries are most precisely described as algebraic

varieties, which we are now going to introduce.

The goal of this chapter is to introduce the geometric tools that will be used throughout the
thesis to analyze singular spaces and extract their physical content. We begin with the local
definition of algebraic singularities and the criteria that distinguish smooth and singular points.
We then introduce the two fundamental operations that control their behavior—resolutions and

deformations—and explain their geometric and physical interpretation.

A central theme of this chapter is that, for a distinguished class of singularities, these structures
are governed by Lie-theoretic data. This is exemplified by ADE surface singularities, whose res-
olutions, deformations, and intersection theory are controlled by root systems and Weyl groups.
Building on this correspondence, we introduce families of deformed ADE spaces and show how

they naturally lead to higher-dimensional singular geometries, in particular compound Du Val
(cDV) threefolds.

Finally, we place these constructions within the broader framework of the classification of
threefold singularities and their crepant resolutions, emphasizing the role of flops and their al-
gebraic description via quivers and noncommutative resolutions. These tools will provide the

mathematical backbone for the physical constructions developed in the subsequent chapters.

4.1 What is an algebraic singularity?

We begin with the simplest possible setting: algebraic curves in the complex plane.
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A first example: a singular plane curve

Consider the plane curve C' C C? defined by the equation

flz,y) =y*—2* =0. (4.1)

Geometrically, this curve has a cusp at the origin. While the curve is well defined as a set, the

point (0,0) is distinguished from all other points by the fact that the curve fails to be locally
smooth there.

Figure 4.1: Projection on the real plane of the hypersurface: 4> — 23 = 0

To make this precise, note that the gradient of f is given by

_ (9L 91y _

At the origin, both partial derivatives vanish:
V£(0,0) = (0,0).

This failure of the gradient to be nonzero signals the presence of a singularity.

By contrast, at any other point on the curve, V f does not vanish, and the curve is locally a

smooth one-dimensional complex manifold.
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Smooth points and the Jacobian criterion

This example illustrates the general principle underlying the definition of algebraic singularities.
Let
X={fi=-=f=0}cC,

be an affine algebraic variety defined by holomorphic polynomials f;.

The Jacobian matrix of the defining equations is

1) = (5Ew). 43

Definition 4.1.1 (Smooth and singular points). A point p € X is called smooth if the Jacobian
matrix has maximal rank at p, i.e.
rank J(p) =n — k.

If this condition fails, the point p is called a singular point of X.
Equivalently, a point is smooth if X is locally biholomorphic to C"* in a neighborhood of
that point.

The set of all singular points is called the singular locus of X and is denoted by Sing(X).

An intrinsic definition
The Jacobian criterion provides a concrete computational tool, but the notion of singularity admits
an intrinsic formulation independent of any embedding.

Let Ox , denote the local ring of regular functions on X at a point p, with maximal ideal m,,.

Definition 4.1.2 (Intrinsic definition). A point p € X is smooth if the local ring Ox ), is a regular
local ring; i.e.

dim¢ mp/m; = dim X.

If this condition is not satisfied, p is a singular point.

This definition reflects the fact that, at a smooth point, the tangent space has the expected

dimension, while at a singular point the Zariski tangent space is larger than the dimension of the
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variety, signaling a local failure of smoothness.

In the following sections, we show how different types of singularities admit controlled modi-
fications, such as resolutions and smoothings, and how these operations acquire a natural physical

interpretation.

4.1.1 Resolving singularities: the blow-up

One of the fundamental ways to study and modify a singular space is through a resolution of
singularities. Intuitively, a resolution replaces a singular point by a smooth geometric object that

encodes the local structure of the singularity.

Blow-up of a point: a basic example

We illustrate the idea with the simplest nontrivial example. Consider the affine plane C? with
coordinates (x,y) and its origin (0, 0). The blow-up of C* at the origin replaces the point (0, 0) by
the space of complex lines passing through it.

Concretely, the blow-up C2 can be defined as

CQZ{(x,y, [u:v]) € C* x P! !xvzyu}, (4.4)

with the projection map
m:C2— C?

given by forgetting the P! coordinate.
Away from the origin, 7 is an isomorphism. The inverse image of the origin,

E=70,0) ~ P

is called the exceptional divisor. It replaces the singular point with a smooth curve that records

the possible tangent directions at the origin.
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4.1.2 Resolution of surface singularities

Blow-ups can be used to resolve singularities of algebraic varieties. For instance, consider the A;
surface singularity
X :uv=2*CC3 (4.5)

This space has an isolated singular point at the origin. A suitable sequence of blow-ups replaces
the singular point by a smooth rational curve P!, yielding a smooth surface X together with a
map

X > X ,

That is an isomorphism away from the singular point. A simple realization of the resolved geom-

etry is given by the following embedding in C? x P

X:{(“’U’Z’[)“l:h])€C3><IP’1| uv = 2%, <Z u>.<)\4>_0}.
—v —Z A1

It is easy to see that X is isomorphic to the original space away from the singularity. Indeed,
the linear system has a unique solution when the rank of the matrix is 1, which is a point on

! associates to any point (u, v, z) # (0,0,0) on the surface

P!. Consequently, the inverse map 7~
a point on P'. Only when (u,v,z) = (0,0,0), the kernel of the matrix is the full P!, which
means that 771(0,0,0) ~ P!, It is important to stress that the resolution map is not uniquely
defined. Indeed, there are various equivalent ways to resolve a singularity. For a comprehensive

introduction, we suggest [112-114]

More generally, the minimal resolution of an ADE surface singularity replaces the singular
point by a collection of P! curves whose intersection pattern reproduces the Dynkin diagram of
the corresponding ADE Lie algebra. This structure plays a central role in both algebraic geometry

and string theory, as we will see shortly.

Definition of resolution

Definition 4.1.3 (Resolution of singularities). Let X be an algebraic variety. A resolution of sin-

gularities of X is a smooth variety X together with a proper birational morphism

m: X — X,
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such that 7 restricts to an isomorphism over the smooth locus of X.

In this thesis, we will always consider resolutions that are crepant, namely, such that they
preserve the canonical bundle of the singular geometry. From the physical perspective, resolutions
are typically associated Kahler deformation parameters and correspond to Coulomb-branch or

tensor-branch directions in the geometrically engineered quantum field theory.

4.1.3 Smoothing singularities

An alternative way to eliminate a singularity is through a smoothing, which deforms the complex

structure rather than modifying the space birationally.

A simple smoothing example

Returning to the A; singularity,
fruv—22=0, (4.6)

a smoothing is obtained by deforming the defining equation to
fdep  uv — 22 =, (4.7)

where € € C is a deformation parameter. For € # 0, the space is smooth (the origin of the ambient
space is excised from the surface), and the singular point is replaced by a non-holomorphic P!

cycle.

Definition of versal deformation

Definition 4.1.4 (Versal deformation). Consider a hypersurface singularity X defined as the zero

locus of a polynomial F'(xy, .., 2,) in C". The versal deformation of X is a family of varieties

X

l

Def(X)
over the space De f(X) such that the central fiber is X, while all nearby fibers are smooth.

77



X is defined as the zero locus of the equation:
Fuep = F(21, .., 20) + Z(si(l'l, ~Tn)€i, 0i € Rae, € €C". (4.8)

The complex coefficients ¢; are the moduli of the deformation, spanning Def(X). Monomials

di(x1, ..x,) are the generators of the ring:

C[l’l, vy .Z'n]

Raer = VE)

where (VF') denotes the ideal generated by the Jacobian of the function F. Intuitively, Rg.r

encodes the normal directions to the hypersurface in the ambient space C"

In geometric engineering setups, smoothings are typically associated with Higgs-branch de-
formations, corresponding to turning on expectation values for matter fields. Unlike resolutions,
which preserve the complex structure, smoothings alter it, leading to qualitatively different phys-

ical phases.

Resolution and smoothing are inequivalent operations that reflect distinct geometric and phys-
ical mechanisms: Resolutions modify the geometry by introducing exceptional cycles, while pre-
serving the complex structure. Smoothings deform the complex structure and eliminate the sin-

gularity without introducing exceptional divisors.

In higher-dimensional Calabi-Yau varieties, a singularity may admit a resolution, a smoothing,
both, or neither. The distinction between these possibilities plays a central role in string theory
and will be particularly important in the study of compound Du Val singularities discussed later
in this thesis.

A crucial and far-reaching observation in the study of algebraic singularities is that their local
geometry is invariant under analytic changes of coordinates. More precisely, two hypersurface

singularities defined by equations
flxy,...,2,) =0 and g(z1,...,2,) =0,

are considered analytically equivalent if there exists a local biholomorphic change of coordinates
transforming one equation into the other. From a geometric point of view, analytically equivalent

equations describe the same singularity, even though their explicit algebraic expressions may
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differ substantially.

This principle led, beginning in the 1960s, to the systematic classification of isolated hypersur-
face singularities up to analytic equivalence. One of the most prominent and influential outcomes
of this program is the classification of the so-called simple singularities, also known as rational

double points or du Val singularities.

4.2 ADE classification and McKay correspondence

The Du Val (or ADE) surface singularities form a distinguished class of isolated hypersurface
singularities in complex dimension two. All of them are terminal, in the sense that they admit a
minimal resolution in which the exceptional locus contains only a collection of rational curves
(or PY). The resolution is also crepant, for the canonical bundle of the smooth geometry is simply

pulled back from the canonical bundle of the singular space.

The Du Val are examples of quotient singularities, namely orbifolds of the form C?/T’, with
I" a discrete subgroup of SU(2)' They admit a complete classification up to analytic equivalence

and exhibit properties that relate them to the root systems of the simply-laced Lie algebras:

g= {An7 DTL7 E67 E77 E8}

This connection is due to a correspondence between the list of I' C SU(2) (namely, the binary
polyhedral groups) and the ADE Dynkin diagrams, first detected and proven by McKay [115].

In the next paragraph, we describe both resolutions and deformations of Du Val singularities
without any intention of being exhaustive, but to highlight the connection with simply laced Lie

algebras.

It is known that all these singularities emerge from singular limits of local K3 surfaces or
ALE spaces. The term ’local’ indicates that we are examining only the space in proximity to the

singularity, which is equivalent to considering the space as a non-compact limit of a K'3.

K3 surfaces have a very special feature, the so-called hyperkiler structure. Let us briefly

explain what it means.

'Why not a subgroup of SO(4)? The restriction is due to the crepancy requirement.
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Definition 4.2.1 (Hyperkaler Structure). A complex manifold M of dimension n is hyperkahler
if:

« M admits a complete kdhler metric g*

« There exist three independent choices of complex structures (I, I, I3) with respect to
which g is kahler

+ The complex structures /; form a quaternion algebra

In other words, the real dimension of M must be 4k, k € N, and the holonomy group must
be in Sp(k). This is required to represent the tangent space as a quaternionic space, because it
guarantees that the holonomy acts linearly with respect to the three complex structures I;*. In

our case, which is k£ = 1, the group of rotations in R4 is:

SU(2); x SU(2)-

SO(4) ~ -

Now consider the adjoint representation of SO(4). As occurs for any SO(2n) group, the adjoint
coincides with the antisymmetric 2-tensor representation. In this space, the antisymmetric Levi-
Civita tensor acts as an involution, implying that the representation splits into a direct sum of two
eigenspaces: the self-dual and the antiself-dual tensors. Self-dual tensors transform in the adjoint
of the SU(2) subgroup and are invariant under SU(2)_. Vice versa holds for antiself-dual ten-
sors. In a hyperkéahler surface, the Ricci tensor is antiself-dual, or equivalently, the holonomy is
in the factor SU(2)_, and the three Kéahler forms w; (remind that w; = g(+, I;-) associated to the
metric g and the complex structures /; are self-dual. In other words, the w; form an invariant
subspace under the holonomy group. We shall see that the existence of an SO(3) symmetry act-
ing on the w; renders deformations and resolutions of ADE singularities essentially equivalent.
By contrast, in the case of Calabi—au threefolds, these two procedures constitute fundamentally

distinct geometric operations.

The fact that M is complex implies that the Riemannian metric g is preserved by an integrable almost complex
structure I:
g(u,v) = g(Iu, Iv),Yu,v € TM

. The metric being kihler means that the associated two-form w is compatible with I, in the sense that g(-,-) =
w(+,I+), and w is symplectic and closed.
3The corresponding Kahler forms define a subspace of the adjoint rep of SO(4k) that is left invariant by Sp(k)
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4.2.1 Resolutions and exceptional spheres

Let X denote the minimal resolution of an ADE singularity:

><<—><z
3

The exceptional locus 7~'(0) € X consists of a union of smooth rational curves (namely, curves

isomorphic to the projective line):

where 7 is the rank of the associated ADE Lie algebra. These curves generate the compact ho-
mology
Hy(X,Z)=7Z".

The smooth geometry admits r independent harmonic normalizable (or compactly supported)
two forms, and a non-normalizable one 7, 1. * One can check that it is always possible to identify

a basis 7; such that:

/ N = Sj . SZ = =05 - Oy, (4.9)
S.

J

where o; - «; is the Cartan matrix of the corresponding ADE Lie algebra. Explicitly,

¢ 5 Si=-2,

« 8;-S; = lifnodes ¢, j are adjacent in the Dynkin diagram,

+ S; -5 = 0 otherwise.

This identifies the configuration of exceptional curves with the Dynkin diagram of the ADE

algebra. Each S; can be identified with the simple root «;. The 7; are naturally associated with

the generators of the Cartan algebra in the Chevalley basis. The only non-normalizable form is

“In this case, each normalizable form is Poincaré dual to a compact divisor, which is one of the S;.
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Poincaré dual to a non-compact divisor D, such that:

G+ Gyt = / Ts1 = Sy Dy = dy, (4.10)
Sk

where a1 corresponds to the opposite of the highest root, and dj, are the Dynkin labels (weights
of the highest root in the coroot basis). °

4.2.2 Root lattice and hyperkihler structure

As anticipated, from the Kahler metric, one can construct three possible Kahler forms:

w; = g(v, Lw), v,w e TM.

For each exceptional sphere Sy, one defines the hyperkahler period vector

& = (/Skwl, /Ssz, /Skw3> € R®. (4.11)

which rotates under the symmetry SU(2).
In the complex structure /7, the holomorphic symplectic form is
Ql = Wy + iw37

In terms of which one constructs the complex periods:
_ _ (@) 4 B
T, = M =7 +i§" =a(h) €eC, heb. (4.12)
Sk

Then, 5121) is said to be the Kahler volume of the curve Sj, whereas T}, is the complex structure
modulus or holomorphic volume. The last equality implies that the complex variable 7} is in
one-to-one correspondence with the simple root ay, being the eigenvalue or the corresponding
operator e,, under a generic element h = ). t;e;; = >, Tia of the Cartan algebra h.° Kahler

and holomorphic volumes represent resolution and deformation parameters. The former spans

SWith Chevalley basis we mean the set by, = [eq,,€_a,]-
®h € b here is written in the basis of the a;f, defined by the condition: «; - a;f = 0.
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the Kahler cone or Kahler moduli space of the surface. The latter spans the complex structure
moduli space. However, the distinction is essentially an artifact of the choice of complex structure
that we made. In fact, turning on a 5,531) or a T}, has in both cases the effect of replacing the
singularity with a 2-cycle. In the next section, we will see where the 7}, appear in the context of

deformations.

4.2.3 Semiuniversal Deformations

Another possible presentation of ADE surfaces is in terms of polynomials in C? :

Ay 24y =" =0, (4.13)
D,: 2+ y*z+21=0, (4.14)
Ee: 2°+y*+24=0, (4.15)
Er: 22+ +yz* =0, (4.16)
Eg: 22+ +:=0. (4.17)

Following the definition in 4.8, deformations are performed by adding to the defining equation

monomials in the Jacobi algebra:

Clz,y, 2|

Ri=tr.0,0.0.0)

A general versal deformation is defined as the zero locus of
Xdef : f($7y72)+zuaga($ay7z) :Oa
a=1

where {g,} is a basis of R and u, are complex deformation parameters. For ADE singularities,
the dimension of the deformation space equals the rank of the corresponding ADE Lie algebra.
For each ADE X, there is indeed an isomorphism between the deformation space Def(X) and

(the Weyl invariant coordinates on) the Cartan algebra b:
Def(X) <> b/W, (4.18)
W being the Weyl group.
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There is indeed a choice of generators of R . for which the deformed ADE can be written as:

A, 24 y? = 2w ug 4 U1 2+ Uy, (4.19)
n—1
D, : 224+ yiz 2"+ Zugk 2R LUy =0, (4.20)
k=1
Es : P4yt + 2wy +usyz + ug 22+ ugy + ug 2 + ugp = 0, (4.21)
Er 2?4+ + Y2’ +up 2t ug Y’ + usyz + ui0 2® + urn Y + urg 2 4 s = 0, (4.22)
Es - 22+ P+ 2% Fugy® Fugyr? Fourg 22 Ui yz F uig 22 4 Uy + gy 2 + ugo = 0,
(4.23)

where the complex parameters v; are the Casimir invariants of the ADE algebra, of degree deg(u;) =
[ with respect to the Weyl group. This identification manifests naturally in the framework of

Grotendieck-Springer resolutions. Before going into it, let us make some important observations:

« The deformation blows up r = rank(g) (non-holomorphic) 2-spheres that intersect with a
pattern given by the Dynkin diagram of the corresponding ADE algebra, where the spheres
are identified with the simple roots of the Lie algebra.’

By treating the u;’s as coordinates, the equation 4.19 defines a space X, | » as an hypersurface
in C"*3. It has the structure of a fibration, where the fiber is the (deformed) ADE surface
Xges and the base is the space spanned by u;. At the origin uw; = 0, the fiber has the full

ADE singularity, i.e., all the r simple roots have zero size.

« Even though the central fiber is singular, the space X, 5 is smooth.® This can be seen by
simply computing the Jacobian of f4.;. However, by performing a base change, one can
create a singular space whose resolution blows up a subset of the roots of the central ADE
fiber.

To explain this last point, let us go back to the A; example. The defining equation for the A,

"With an abuse of terminology, we will refer to the shrinking 2-spheres as ‘simple roots’.

8To be precise, not solely the fiber at the origin is singular. There are loci along the base along which some of the
roots have vanishing holomorphic volume. There, the fiber is singular, and the type of singularity is determined by
the subalgebra generated by the roots with vanishing holomorphic volume. Like the singularity of the central fiber,
these are not singularities of the total space.
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singularity is’

w = 2%, (4.24)
The equation for the family X3 is
_ 2 4
uv = 2"+ € C Covze s (4.25)
That is a smooth three-dimensional space. If we make the base change ¢ = —t, i.e., we pull-back
the ALE fibration w.r.t. the map
— b/Z
b= b/Z; (4.26)
t—e=—t,

where h = C for g = A;, we obtain a three-dimensional space with an isolated singularity:
uw = 22 — 1%, (4.27)

This is the well-known Conifold geometry [68, 88, 116-120]. The origin of the family is at t = 0,
where the surface develops an A; singularity uv = 22. Att # 0 the singularity of the surface
is deformed and replaced by a sphere of holomorphic volume o« = 2¢ = 7. Notice that the
holomorphic volume of the root is linear in the ¢ coordinate. The holomorphicity of « as a function
over the base of the fibration is crucial to guarantee the blowup of the corresponding curve in the
resolution. If we invert the base change, we see that the holomorphic volume has a branch cut
a(€) ~ y/e. In other words, the root is a monodromic function. Every time we go around the
origin of the € plane, the monodromy acts as: a(e) — —a(€)'. When we consider the total space
X3, all the geometric data must be holomorphic (equivalently, Weyl-invariant) in the coordinates
of the base. Then, the curve that corresponds to o must be zero in Hy(X3,Z). From this point
of view, X3 is the simplest example of monodromic ADE fibration [12]. The conifold is instead a
non-monodromic fibration as its (small) resolution blows up the simple root of A; in the central

fiber; this is known as a total simultaneous resolution. The family is now fibered over the base b.

Consider a generic ADE algebra of rank . Analogously to the A; case, we can make a base

*Derived from 4.13 by a change of variables.
19The monodromy group is the Weyl group that defines the quotient h/W
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change by pulling back the ADE family with respect to the map (see [121])

h — B, =h/W

t; — Uj = Uj(t)

(4.28)

by taking u;’s as VW-invariant functions of coordinates ¢; on . This resolves all the simple roots

of the ADE algebra in the central fiber. In the new variables, the families can be presented in the

following form:

(4.29)

Es: 224+’ + 2" +eyz? + esyz + €62 + ey + €92 + €10 = 0,

Er 2+ y3 + yz3 + 62y2z + 663/2 + esyz + 61022 + €19y + €142 + €18 = 0,

Eg - x> + y3 + 2° + 62y23 + egyz2 + 61223 + €14Y2 + 6182:2 + €20y + €242 + €390 = 0.

The ¢; are homogeneous polynomials in the ¢; with deg(e;) = 4, invariant under permutations of

the ¢; [121]. The holomorphic volumes of the roots are all linear in the ¢;:

A, :

D, :

E, :

ai(h) =t; — tip1, i=1,...
a;(h) =t — ti1, i=1,...
O-/n(h) = tn—l + tnv

ai(h) =t; — tiz1, i=1,...

Oén(h) = —tl — tg — tg.

y 1,
y = 17

(4.30)
y 0 — 17

Clearly, when all the ¢;’s are zero, all volumes are vanishing, and the ALE fiber develops the full

singularity that defines the family. However, there are also loci where only part of the roots have
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zero volume. The fibers on such loci are therefore singular. The singularity type depends on the
subalgebra preserved by the subspace of deformations defined by each locus. As opposed to the
previous case, where all the singularities in the fibers were not singularities of the total space,
the resolution of the total space of the fibration will replace all of these singularities with the
corresponding patterns of P! cycles. Let us consider a slightly more complicated example than

the conifold to appreciate this phenomenon.

Total simultaneous resolution of Az

X5(t): 2+’ + (z+0)(z+t)(z+1t3)(z+1) =0, Y ;=0 (4.31)

7

We can identify singular loci of different codimension d:

«d=3 :t;=0 Vi Full A; singularity 2% + y*> + 2* = 0.

ed=2:t =t; =t = tfori,j,k = 0,1,2,3. There are four distinct loci where the

singularity is A,. With a simple change of variables, X5 can be written as:

v? oy 22— 4t) ~ o* +y? + a2’ (4.32)
2=
ed=2:(ty =ty =1t t3 =ty = —t) + permutations. Three loci where the singularity is
A1 X All
22+’ + (2 + 1) (2 —t)? (4.33)

ed=1:t=t;j=tfori,j=0,1,2,3. There are six loci, one for each positive root, where
the singularity is A;:
k#i,j , 2+ +22(z+t—1t)(z—3t—tg) ~ o +y? + a2’ (4.34)
2=
All in all, there are six hyperplanes where the fiber develops a singularity with small irreducible
resolution (i.e., the blow-up is just a single rational curve or P'). The intersections between the

hyperplanes form seven distinct lines. Two roots are blown up on each of them. All these lines

intersect only at the origin, where the Aj is fully resolved.

Now we want to consider different choices for the base change, which will make the family

X, 19 singular, but will lead to different resolution patterns.
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One can define a base change, where

h — B, =h/W

(4.35)
ti — or = ok(t),

with W' C W. A choice of simple roots determines this subset of the Weyl group, call them
Q1 eeey Qg with k<r; (4.36)

W' is generated by the reflections under o1, ..., @,. One can visualize it by coloring the roots
in (4.36). The resolution of the family now blows up only these simple roots in the central fiber.
This is called a partial simultaneous resolution. The base of the fibration, that we call B,, is now
parametrized by the r V' invariants g; (i = 1, ..., 7). We call these partial casimirs, and they are
symmetric polynomials in the ¢; that are permuted by . Note that W' is always of the form:
Sy, X -+ - xS, with S; denoting the group of permutations of [ elements, and /4, ..., [, the lengths
of the Dynkin subdiagrams delimited by colored nodes.

aq (6] Q3
® O o
1 1 1

Figure 4.2: A3 Dynkin diagram. The colored nodes correspond to the obstructed spheres in the
partial simultaneous resolution of the A3 family.

Partial simultaneous resolution of A; Let us consider a partial simultaneous resolution that

blows up only the central root a; (see Figure 5.1). In this case:
W/ = <817 83> ~ SQ X SQ, (437)
where s; and s3 are the reflections associated to the simple roots a;; and azg, acting on b as:

St t1 <1y, t3<>r1l3, tg14

(4.38)
S3: t1 & 11, To 1o, 134314
The ring of polynomial invariants is generated by the symmetric polynomials:
o1(ti, ta) = tita, o3(ts,ta) =tsts, o2t te) =t +ta=—t3— 1 (4.39)
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Then, we can pull back X5(u) with respect to the change:

bW = /W

(4.40)
(01,03,02) = (ug(0),us(o), us(0))

Which yields:
Xi(o): 2+ 9y = (22 + o9z 4+ 01) (2% — 09z + 03). (4.41)

In order to make the dependence on the holomorphic volumes 7; = ¢; — ;1 manifest, we intro-

duce a further change of variables:
o1=-01+0, 02=20, 03=-0s+0 (442)
Rewriting 4.41 in terms of the p, we get:!!

Xi(0): 2®+9*=((z+0)* — 01)((z — 02)* — 03). (4.44)

Let us focus on the right-hand side of the equation. As opposed to the previous case (see equa-
tion (4.31)), the polynomial in 2 is not fully factorizable. The holomorphic volumes of the roots

are monodromic functions:

ap = F2y/01 =t — g,
g = 20y £ /01 F /03 = t2 — t3, (4.45)
3 — ZEQ\/@ — tS - t47

On the quotient B,, different branches that are mapped to each other by elements of W' are
identified. We can rewrite the equations for the vanishing loci of the volumes in a holomorphic

way by considering the following JV'-invariant expressions:

ar=0 < a%:49120,
ay =0 < (01— 03)°—805(0s+ 1) +160; = 0, (4.46)

a3 =0 <& a§:493:0,

UTn terms of the T; we have:

Ty — Ty

R I (443

01 =T%/4, 0o=
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The second expression comes from setting oy to zero:

200 £ /o1 F+/03 =0, (4.47)

and taking the following squares:

(202 £ o1)* = 03,
2
160301 = (03 — 01 — 403)" .

By performing the same manipulations on the expressions for ay +aq, as+ag, as+a; +as, one
can check that the final equation is the same. As we are going to explain, this happens because

these roots are all identified in the quotient over W'.

We now compare this situation with the previous one, namely, the total simultaneous resolu-
tion of the A3 family. First of all, we notice that the hyperplanes which are connected by Weyl
transformations in V' are identified in the quotient. Each hyperplane is associated with a positive

root (or a negative root):

Hlitlztg (—>OZ1:O,
Hgitgztg (-)O[Q:O,
H32t3:t4 HOZ;),:O,
(4.48)
Hig it =13 <o +ay =0,
Hoz:ta =1, < ax+as3=0,

H1231t4:t1 HOél—i‘OéQ—i‘Oég:O,

The subgroup W' fixes hyperplanes H; and H3, while permuting Ho, H12, Hosz, Hi23.'* In the

quotient, the distinct A; loci are precisely the expressions in (4.46):

H}/V/ 01 = O7
HY' 2 (01 — 03)* — 802(03 + 01) + 1602 = 0, (4.49)
H;’,/Vl 03 = O?

2This implies that Ha ~ Hiz ~ Hasz ~ Hi2s (equivalently, ap ~ ag + a3 ~ ag + az ~ a1 + as + a3) in the
quotient B,.
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The fiber over H}Y' is:
P4y =((z+0)"—0)((z—0)—03) Nor=0 —

2yt = (2 + 92)2 ((Z - Q2)2 - 93) :

One would expect to find an A; singularity at z = —p,. However, the family is smooth unless
where H)"" intersects H}”'. The same thing occurs when we look at the locus H}"'. In fact,
the only truly singular locus is 7}, which is where the volume of o (and all its Y- images)

vanishes.

Let us analyse what happens on the locus H}"'. For simplicity, we focus on the branch g, = 0

(which automatically implies 0; = 03 = p), so that we can rewrite the equation for the fiber as'*:
4yt = (22 — 9)2 . (4.51)

The singularity is manifestly of type A; and occurs on the irreducible locus:
r=0, y=0 2*=p (4.52)

Let us conclude with an observation. The volumes of the roots were all monodromic; however,
it is always possible to consider a linear combination that is well defined on B, (ag — oy = 02).

This is the signal that only one of the 2-cycles generating Hy(X) is preserved in Hy(X5).

To sum up, the total space of an ADE-family X, ,, has the fibration structure

Xier = Xl = X
3 \J (4.53)
B, — B,

where X is the deformed ADE surface, expressed in terms of the ¢ coordinates.

This fundamental correspondence between deformations and resolutions provides a frame-

BIt is easy to see that the singular locus of the family is given by:
01— (2+02)*=0, 03— (2—02)?=0. (4.50)
The equation for H;/V/ is automatically satisfied if we impose these two, meaning that the singular locus is contained

. ’
inHYV.
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work for the explicit construction of threefolds with terminal singularities—namely, those whose
exceptional loci consist exclusively of curves—and, moreover, yields their crepant resolutions in
a canonical and automatic manner. Starting from the equation for the family of deformed ADE
X, +o(with total or partial simultaneous resolution), one can obtain a threefold by imposing r — 1
extra conditions on the coordinates.In particular, threefolds with isolated terminal singularities
can be obtained by considering the fibration of deformed surfaces along a curve. The curve is
embedded in the deformation space. Singularities appear where the curve intersects the singular
locus of the family of deformed surfaces. Threefolds that admit this description are known as

compound Du Val points.

4.2.4 Compound Du Val singularities

As we said, compound Du Val threefolds (cDV) come about naturally from the families of de-
formed surfaces we have just described. If we express the coordinates on the B; base as holomor-
phic functions of a single complex parameter w, and require all of them to vanish when w = 0,

we can rewrite the generic deformed ADE as:
Pg(a:,y,z)+wg(m,y,z,w) :O (xayasz) E(C4' (454)

Where P,(x,y, z) is the ADE singularity associated with the Lie algebra g (in the form of equation
4.13). The vanishing of the second summand at w = 0 ensures that the base-curve intersects the
origin of B, (or B,, depending on the fibration we are considering), where the full singularity is

developed.

The resolution patterns of these singularities are automatically determined by the way they are
embedded in the family X, 5 (i.e., by the explicit dependence of the deformation parameters on
the extra coordinate) and by the simultaneous resolutions of the associated ADE surface. Not only
does this direct link to ADE algebras make this class of geometries particularly easy to access, but
it also provides a way of classifying all terminal singularities in three dimensions. In the following

paragraph, we will get an intuition of why this happens.

Having constructed explicit classes of singular geometries, we now place them within the
more general classification program of canonical threefold singularities, which will be relevant

for the physics of geometric engineering setups.
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4.3 Classification of threefold singularities

When dealing with complex two-dimensional varieties, a theorem by Reid [53] proves that all
singularities'* with crepant minimal resolution '* are of Du Val type (ADE singularities). However,
in higher dimensions, it is much more difficult, if not impossible, to provide a full list of the
singularities that admit a crepant resolution. Most often, even when such a resolution exists, it
is not at all clear how to construct it in practice. The most relevant attempts to provide such a
classification fall in the so-called Minimal Model Program (MMP). Even though it did not provide
a full classification, the program, proposed by Reid in the eighties [53] and generalised by Mori
[122], captured a series of important properties of singularities in 3 dimensions. Here, we only

mention the main results.

In [53], Reid introduces the concept of canonical singularity to distinguish between singular-

ities which are too severe to be resolved crepantly and those which are mild enough.

Definition 4.3.1 (Canonical singularity). A singularity X of dimension > 2 is canonical if:

« X is Q-Gorenstein (K x is Q-Cartier)'®

« For any partial resolution f : Y — X, we have: Ky = f*Kx + > . a;(X, E;)E;, a; >0

In particular, f is crepant if:
;=0 Vi (4.56)

. Here, K x and Ky are the canonical divisors of X and Y. The a; are rational coeflicients and are
known as discrepancies. Each E; is an exceptional divisor extracted in Y. Intuitively, we can see
that negative a; are bad because whenever a divisor introduces a relative discrepancy with respect
to X that is negative, the uplift to Y of the holomorphic volume form develops a singularity on
that divisor. As anticipated, all surface singularities with a full crepant resolution are Du Val.

Indeed, they are canonical and Gorenstein (or index one singularities). For a canonical threefold,

14We will always tacitly assume normality for any variety we will be considering.
A minimal resolution of a surface singularity X is a resolution map:

m:Y - X (4.55)
, such that Y is smooth and does not contain (—1)-curves (namely, curves which can be contracted to a smooth

point).
16 A Weyl divisor D is Q-Cartier if mD is Cartier for some m € N.
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the existence of a full crepant resolution is not always granted. What is ensured, though, and
this is the scope of MMP, is that a partial crepant resolution exists. Partial here means that the
resolved space may still have singularities somewhere, but of a milder nature. These are called

terminal singularities:

Definition 4.3.2 (Terminal singularity). A singularity X of dimension > 2 is terminal if: X is
canonical with a;( X, E;) >0 V1.

This automatically implies that either the resolution is totally discrepant (there are no crepant
divisors), or Y (the resolved variety) and X are isomorphic in codimension 1. In the latter case, the
two varieties are isomorphic up to subsets of codimension > 2. In other words, the exceptional
locus of the resolution contains at most rational curves. These are the so-called small resolutions.
By definition, for a terminal singularity, the only crepant (partial and total) resolutions are small.
As it turns out, the condition defining terminal singularities is strong enough to allow for a clas-
sification. Indeed, it is a Theorem by Reid that terminal Gorenstein threefold singularities are all
compound Du Val points (terminal Q-Gorenstein singularities are some specific cyclic quotients
of cDV classified by Mori [123].

To sum up, for a variety X of complex dimension 3, we have:

X canonical = Partial crepant resolution exists, and it’s called minimal model over X (MM)"

X terminal and Gorenstein = X isolated cDV with small simultaneous resolution
(4.57)

A couple of comments are in order. First, in both cases, the resolution is not unique. Reid suggests
that all the possible minimal models over a canonical variety X should be connected by elemen-
tary transformations. These transformations are called flops (see Appendix A.2.5). A flop is a
modification of the geometry that only acts on a specific curve. Consider two varieties Y and Y
that map to a singular variety X through the contraction of a curve C' and C'". Then, a flop is
the birational map between Y and Y'*, obtained by contracting C' in Y and blowing up C" in X
(the inverse operation is also a flop). The map is constructed in such a way that Y\C' ~ Y *\C*

(namely, it is an isomorphism in codimension 1).

Second, even though an MM over X exists for any X canonical, it is often very hard to produce
the explicit map to it. From the physics perspective, canonical isolated singularities play a partic-
ularly important role in the context of geometric engineering, where they provide the geometric

input used to define five-dimensional superconformal field theories (5d SCFTs). In this frame-
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work, M-theory compactified on a Calabi-Yau threefold with a canonical singularity can give
rise to an interacting superconformal fixed point in five dimensions. It is widely believed that
every canonical singularity defines a well-behaved 5d SCFT fixed point [44]. We will present an
overview of this connection in the second part of the thesis. For the present discussion, we simply
emphasize that the classification of canonical singularities closely parallels the physics program
of classifying 5d superconformal fixed points, which so far have only been realized through such

geometric constructions.

The examples of (CY3) isolated canonical singularities that have been analyzed in this context

are mostly of the following kind:

« Hypersurface singularities in C* [14, 91]

Quotients of C3, C*/G with G discrete and G C SL(3,C) [124]

cDV and Q-Gorenstein quotients of cDV [19, 26, 97]

« Toric canonical threefolds [101, 102]

In this thesis, we focus exclusively on the cDV family, which provides an ideal framework for
uncovering new correspondences between geometry and gauge theories. This setting allows us
to capture physical phenomena that are not reproduced in toric constructions and, to our knowl-
edge, have not been observed in other non-toric frameworks. A key technical advantage of cDV
singularities is their particularly transparent connection with Lie algebra theory, which allows
many of their properties to be derived constructively and interpreted naturally from a physical
perspective. The examples we analyze in detail mainly belong to the subclass of Simple Flops.
These may be regarded as the simplest families within the cDV class—the conifold providing the
only toric example—and therefore constitute the most natural and controlled starting point for

our analysis. We now turn to their definition.

4.3.1 Simple flop classification

The term simple threefold flop indicates a geometry whose crepant resolution is small and con-
tains a single irreducible rational curve. Such a curve can be flopped, in the sense that there exists
a sequence of birational morphisms (flop) that contracts the curve and blows up a different curve

in such a way that the canonical bundle of the variety remains invariant. A remarkable fact is
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that any geometry of this kind can be explicitly realized as a fibration of deformed ADE surfaces

over a curve [19].

A first coarse classification was proposed by Reid by examining the normal bundle of the
exceptional curve. Let
m:Y — X,

be a small crepant contraction of a smooth threefold Y contracting a curve
C ~ P
Since Y is Calabi-Yau in a neighbourhood of the contraction, the adjunction formula implies that
deg Nojy = —2.
Consequently, the possible splitting types of the normal bundle are
Neyy ~ O(—1) & O(—1), 00) ® O(-2), O(1) @ O(-3).

These three possibilities provide a first rough classification of simple threefold flops according to

the geometry of the exceptional curve.

This classification was later refined by the introduction of the length invariant, defined by Kol-
lar [125] and used in the systematic study of threefold flops by Katz [121]. The length ¢ measures

roughly the multiplicity of the exceptional curve in the resolution and takes six possible values'®
t=1,...,6.

Remarkably, this invariant admits a natural group-theoretical interpretation within the frame-
work of ADE Lie algebras, where it is identified with one of the Dynkin labels of the ADE diagram.

Such a classification was given in [121]. The length classification is accompanied by a con-

struction producing what is known as the universal flop of length ¢ [17]. This is the total space of

8More rigorously it is defined by
7 H0,) = 05" (4.58)

where 7 denotes the contraction map, O, the skyscraper sheaf at the singularity p and Og,, the structure sheaf of
the exceptional cycle S,.
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a family of deformed ADE surface singularities of types
A17 D47 Eﬁa E77 E8a

and has complex dimension 7 + 2, where 7 is the rank of the associated ADE Lie algebra.

These are nothing but subcases of the general framework of ADE families with partial si-
multaneous resolution that we introduced in 4. As we showed, these spaces can be described as
fibrations whose base is the space of deformation parameters (collectively denoted by ), while
the fiber is the corresponding deformed ADE surface. At the origin of the parameter space, the
surface displays the full ADE singularity, while at a generic point of the base, the surface becomes
smooth. At certain loci in the parameter space, the fiber still develops a singularity governed by
a subalgebra of the initial ADE algebra.

In 4 we also observed that the singularity of the fiber does not necessarily imply a singularity
of the total space X, of the family. However, the latter often harbors singularities of its own,
which can sometimes be resolved. In particular, at the origin, the resolution of X, 5 may not fully
resolve the fiber surface but instead blows up only a subset of the two-spheres that shrink at the

ADE singularity. This procedure is the partial simultaneous resolution.

Any threefold flop of length ¢ can be constructed via a map to the universal flop of length ¢. In
this work we focus on the cases ¢ = 1, 2. The known examples of threefold flops of length ¢ =1
include the conifold and Reid’s pagoda [126]. Prominent examples of ¢ = 2 threefold flops are the
Laufer [127] and Morrison-Pinkham [128] geometries, as well as the more recent Brown-Wemyss
threefold [129].

Let us now describe the specific class of ADE fibrations that corresponds to universal flops.

4.3.2 Universal Flops

As we said, universal flops are classified by the possible lengths ¢ € {1,...,6}. Namely, for each

length ¢, there exists a universal flop
Ty - n — X 0,
which parametrises all simple flops of that length.
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The geometry of the universal flop is governed by the Cartan data of a Dynkin diagram. In fact,
each universal flop is naturally associated with a Du Val surface. A generic hyperplane section of
Xy is a deformed ADE. Which ADE this is depends on the length. Length 1 is A, length 2 D,,
length 3,4, 5,6 can have Fg, E7, E5. Now, let I' denote the affine Dynkin diagram of type A, D,
or IV and let hr be the corresponding Cartan subalgebra. The universal flop X/ is a fibration over

a base space

Hy=br/We.

Where W is a subgroup of the ADE Weyl group Wr. W, is generated by the simple reflections
associated with the Levi subdiagram I' obtained by deleting a distinguished vertex from I'. This
vertex is represented by the coloured node in the Dynkin diagram. Geometrically, it corresponds
to the root whose dual element o € hr determines the curve that is contracted in the simultane-
ous resolution of the surface singularity. The Dynkin label of the colored node is the length of the
flop. The coordinates along H, are the Casimir invariants of the Levi subalgebra associated with
['c. In the following section, we introduce a method to reconstruct the crepant resolutions asso-
ciated with universal flops starting from the total simultaneous resolution of the ADE families.
Recall that the total Simultaneous resolution corresponds to the deformation of the ADE surface

singularity in which all exceptional curves in the singular fibres are blown up.

The construction we review is formulated in the language of quiver path algebras. This per-
spective provides an explicit description of the resolution in terms of noncommutative algebras,
known as NCCR (noncommutative crepant resolution). In this framework, the geometry of the

resolution is naturally encoded in the representation theory of a quiver with relations.

Reviewing this construction will allow us to connect in a precise way the quiver structures
that appear in the physics description of D3-branes probing ALE spaces (discussed in Section 2)

with the geometric framework of crepant resolutions of singularities.

4.3.3 Quivers and Universal Flopping Algebras

A quiver () is essentially a collection of nodes and oriented links (arrows) between them. The
composition of the arrows, which has to follow their orientation, defines a product. The product
allows us to define paths of varying length along the graph of the quiver. The set of paths defines

an algebra, the quiver path algebra, Ag. For a more complete definition of quivers, see Appendix
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This object naturally arises in the context of minimal resolutions of ADE surface singularities.
We have seen how McKay correspondence relates the affine ADE Dynkin diagrams and the geom-
etry of the resolution. Moreover, we have seen how fractional D3-branes (equivalently, wrapped
Db5-branes) generate a gauge theory, graphically encoded in a doubled Dynkin quiver Qr (see
Figure 4.3)

* *
4 arfl

Figure 4.3: Doubled affine Dynkin quiver of A,

The associated algebra is the preprojective algebra

r+1

Ar =HrQr/( ) [a, ZT@ Hyp = C[T, ..., Tr11] ZdT (4.59)

a€Qr

Here the coordinate ring H describes the space of complex deformations of the ADE surface.
The T} are coordinates along hr. The e; factors are idempotents associated with each node of the

quiver, namely loops satisfying:

r+1
eie; =0 for i#j, el = e, Zei =1. (4.60)

i=1
Finally, r is the rank of the ADE Lie algebra, and the d; are the Dynkin labels.

The universal flopping algebras are then obtained by suitable contractions and base changes
of these preprojective algebras, reflecting the passage from the total simultaneous resolution to
the partial resolutions [18, 130].

Universal flopping algebras A, provide noncommutative crepant resolutions for universal

flops. For an introduction to NCCR and its relation with quiver path algebras, we refer to [54].
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The two small resolutions of the universal flop can be recovered as moduli spaces of repre-
sentations of .4, with opposite stability conditions. The universal flopping algebra is constructed

from A through the following operations.

1. Idempotent contraction. Let C' denote the set consisting of the affine vertex and the

coloured vertex of the Dynkin diagram, and define the idempotent
Ec — Z €;.
ieC
The corner algebra
ecArec,

contract the remaining vertices of the diagram. Algebraically, paths that pass through the

removed vertices, and become composite arrows between the two retained vertices.

2. Invariant base. The Weyl subgroup W acts naturally on the Cartan parameter ring Hr.

The base of the universal flop is obtained by passing to the invariant ring

H, = H'°.

3. Base change. The universal flopping algebra is obtained by replacing the Cartan parame-

ters with their invariant combinations:

Ay & ecArec @y Hy.

The resulting algebra will be a quiver with relations. The quiver typically has two vertices,
while its arrows arise from paths in the Dynkin quiver that travel through the contracted ver-
tices. The relations are inherited from the preprojective relations after contraction and invariant-

theoretic reduction.

This construction also provides a uniform procedure for obtaining the path algebras associated
with all simple threefold flops of Dynkin types A,,, D,,, and Eg, E7, Es. Given a universal flopping
algebra of length /, the path algebra for a threefold flop of the same length is given by a change

. . L. . W,
of base in the ring of Casimir invariants H}. “.
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example: A4, — A; To be more explicit, we show here an example of the technique em-
ployed in [130] to derive universal flopping algebras from the preprojective algebras describing
the resolutions of the deformed ADE families. We want to derive the noncommutative resolution
of a family of deformed A3 surfaces that admits only simple flops. We already discussed this case,
although from a different perspective in 4.2.3. This is not the universal family of length 1 flops

as was defined in [130], but it will be an instructive example for the physical derivation of simple

flops of Chapter 6.
/ | \

1 =2 =3

Figure 4.4: Doubled affine Dynkin diagram for As.

Let Q = Avg be the affine A3 quiver with vertices 1, 2, 3, 4 (see Figure 4.4) and arrows
as 4 —1, a1 — 2, as:2— 3, as:3 — 4,
together with reverse arrows

ay:1—4, ay:2—1, ay:3— 2, az 4 — 3.

The preprojective algebra associated with the deformed Aj family is

4
=50 (Djnar) -3 7). m= € T
a i=1

equivalently with vertex relations

€Q

* *

ayay — azaz = They,
* *

aja, — agay = They,
* *

a5a9 — aja] = Threq,

azas — azas = Tses.
This path algebra describes the total simultaneous resolution of the family of deformed A3 surfaces
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4.31. Our goal is to obtain a partial simultaneous resolution that blows up a single 2-cycle. Assume
that we want to obstruct the blow-up of all the simple roots but a. Then, the subset of nodes in

() that we need to preserve is C' = {4, 2}.

Let us consider the idempotent

ec = €4+ €9.

Now, we proceed in steps
Step 1: Contracting to opposite vertices.

We contract to the corner algebra

.AC = GcAES ec.

Keeping the opposite vertices 4 and 2, there are exactly two length-two paths from 4 to 2:
Q1 1= aqay, Qg 1= ayaz,
and two length-two paths from 2 to 4:
P = ajyaj, b1 = azas.
Then, we have two length-one loops at node 4:
V4 1= azaa, V3 1= azas,

And two at node 2:

[p— * [p— *
V2 ‘= AyAa, T = aiaq,

These are not independent, due to the vertex relations at nodes 4 and 2, which we can rewrite as:

T =72 — Taea, Vs = Ya — Taeq,
Now, we contract the vertex relation at node 1 with a} and a} from the left and a4, a; from
the right:

—a1fBa + 77 =T, Bactr — i = Tyya. (4.61)
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Similarly, we contract the relation at node 3 with ay and a3 from the left and {a}, a3} from the
right:
b =7 =T, —Prae+7; = Tays. (4.62)

Finally, contracting the same relations with {a4, a}} and {ay,a%} from the right and {a4, a}},

{a3, as} from the left, we obtain relations between the paths from 4 to 2 and from 2 to 4:

nag — aryy = Thog,
361 — Biye = T30,
QY3 — e = Tha,

Bayi — Va2 = T 51,

Eliminating 7, and 73 we have:

Yooy — aiyy = (T + To)ay;,

(4.63)
Bive — vafi = (11 + 1) i,

In Figure 4.6 we can see the quiver resulting from the contraction.

a1

md4§§%§§2@w
2

B1

Figure 4.5: Quiver of the contracted algebra ec. Az ec.

Step 2: WWe-Invariant coordinates. In order to produce a simple flop fibration we have to

make a change of coordinates along the base:
b= b/ We (4.64)

Where W is the Weyl subgroup generated by the simple reflections: s, s3. The action of sq, 53

on the T} coordinates is:

S1 ZT1<—>—T1, TQ(—>T2—|—T1, T3(—>T3, T4(—>T4—|—T1,

(4.65)
s3: Ty T, Ty T+ T3, T3¢ =13, Ty Ty+ 13,
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A convenient choice of invariants is the one we did in 4.42:

T

T2
Q1_4a =3

T-T,
93_47 -

In order to express all relations in terms of these invariants we make a shift:
Yo —> 2 —T1/2, Yo — 72 — T3/2. (4.67)
Then, the paths in 4.68 become:

Voly; — Yy = 200015,

(4.68)
51’72 — B = 20003,
While 4.61 and 4.62 yield:
a1y = (72 - 2@2)2 — 01€2,
2
o = — 01€ ,
Baoy V4 — Q164 (4.69)

2
a1 = 75 — 0362 ,

B = (74 + 202)* — 03€4,

Step 3: Comparison with the universal flopping algebra of length 1. So far, the path
algebra describes the family of deformed A3 surfaces with simple flop, which is a fibration over a
three-dimensional base. According to the definition given by [130], the universal flopping algebra
of length 1 is instead a fibration of deformed A; surfaces over its space of versal deformations.
Such a family corresponds to the total simultaneous resolution of A;, which blows up the single

P! of the singular fiber. The path algebra is defined in the following way

Ay 2 Hy, (e, €1, a9, aq, az,aﬁ/( (4.70)

azay — aja; = giei,
ayaj — ayas = goes
With ag, a} € e1Aes, ab, a1 € eaAey, and Hy, = Clgy, 92|/ (g1 + g2).

Clearly, the two path algebras are not isomorphic. However, there is a class of simple threefold
flops which maps to both. This is the Reid Pagoda, a geometry that will be a protagonist in the

construction of the next chapters.
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ap

Figure 4.6: Quiver for the universal flop of length 1.

4.3.4 NCCR for Simple flops: The Reid Pagoda

The singular geometry is defined by the equation:
fo: 22+ +22—w* =0, (z,y,2,w)€Ch (4.71)

In this example k£ = 2. From the equation we can see that the geometry has the structure of a fi-
bration of deformed A; singularities over the w plane, and of a deformed As;,_; along z. Adopting

the first interpretation the total space appears as the collision of k conifold points:

2

22 4y? = (2 (w—ay)(w—ay) - - - (w—ap)) (z—(w—a1) (w—ay) - - - (w—ay)), a; — 0 Vi. (4.72)

With the second, this is a monodromic fibration of Ay, over the z-plane, in the sense that the
volumes of the exceptional P!’s are monodromic functions of the variable z. In this specific case,

monodromies obstruct the blow up of all the 2-cycles but one.
Let us see how to derive the resolution from A~ and A;.
NCCR of the Reid Pagoda from A..

Going back to the discussion we did in 4.2.3, we can see that the locus: 9; + 03 = 0, g2 = 0

intersects the singular locus of the A3 family in 4.46 only at the origin: g; = g2 = 03 = 0.

So, projecting on this subspace:

He — He = Clor, 02, 03, ] /(01 +t, 05—, 02), (4.73)
Ac — Ao = Ac @, He (4.74)
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Relations in 4.69 reduce to:
a1 3y — s = 2tey,

Brag — Bacry = —2tey,
a1 + oy Py = 73,

. (4.75)
brag + Baan = 7j,
Yo — ays = 0,
Bz — 1P = 0.

The last two relations imply that the element v = 7, @ 74 is central. Moreover, we interpret ¢ as
a central element. Since it depends linearly on other length 2 loops, we can remove it.'* We can

thus, rewrite the ideal of relations as:

asfy +aqfy = 7262;
Brag + ooy = 72€4a
[27 ai] = Oa

(4.77)

The coordinate ring of the singular threefold R = Clz,y, z,w]/(f2) is (ismorphic to) the
center of the path algebra Z (flc) ~ e Ace, [130]. So, we have:

W2+ Z

U=pfiar, V =/, B

= frag, W =7, (4.78)
(W2 +2) (W% - 2)

UV = praBacg = (’72 - 51a2)51a2 = 9 9

(4.79)

Setting
X +iY X —iy
U= % V= TZ (4.80)

we recover 4.71. The quiver of this path algebra is still the one in Figure 4.5.

NCCR of the Reid Pagoda from A;.

YPromoting a deformation parameter to an element of the center of the path algebra requires adding relations
that impose the vanishing of commutators with all the independent paths in the algebra. In this case, we should add
relations of the form:

[tea + teq, ;) =0, [teg +teq, 5;] =0 (4.76)

However, all these turn out to be redundant.
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Let us go back to the definition in 4.70. In particular, the relations read:

* *
A209 — A1Q1 = gé€q,

) , (4.81)
A1a; — Qo0 = —(Ea.
Where we set g; = —go = g. First, we perform a change of coordinates:
w i g(w) = w? (4.82)

Now, we want to promote the deformation parameter w to a central element of the path alge-
bra:
w = wie; + wees, [w,a] =0, Ya € Q (4.83)

Then, for convenience, we rename our paths:
a; — Qq, CL; — Q9, as —r 61, GT — /BQ. (484)

Thus, our relations become:
Brag — Baay = wiey,
2
1P — ol = wes, (4.85)
QW1 = Wa g,
Biwa = w1 B;.
The variables w; are now loops in the quiver, which turns into the one of Figure 4.5. The algebra

is isomorphic to the one we found in 4.3.4.

example: Ay, ., — A; The generalization is straightforward and leads to the path algebra
defined by the quiver in Figure 4.7

a1

V2k+2C Qk—i-QQNQ\k—i—l :)“/k
—_— i
T

B1
Figure 4.7: Quiver of the contracted algebra ec.A Aopers €O with ec = eg11 + €gx1o.
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With the relations:
a1fy — aof = 2teg,

Birag — Baory = —2tegpa,
)k—i—l

?

asf1 + a1 = (e
Brag + oy = (’Vzk+2)k+17

Vet1Q — QYopq2 = 0,

(4.86)

BiVi+1 — Yok+2Bi = 0.

Following the reasoning of the previous paragraph, one can obtain the path algebra for the

Pagoda with k generic.
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Part 11

3d Quiver Gauge Theories, 5d SCFTs and
Canonical Singularities: towards a
systematic extension of the toric

paradigm
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CHAPTER

A D2?2-BRANE VIEW ON UNIVERSAL FLOPS

In the previous part of this thesis we reviewed how configurations of D6-branes in Type IIA string
theory, described by a background Higgs field profile, provide a powerful framework for engineer-
ing families of ADE singularities in M-theory. This Higgs vev construction offers a particularly
explicit and physically grounded realization of geometric backgrounds that are not easily accessi-
ble through the standard techniques of toric geometry. In this sense, it provides a complementary
perspective on geometric engineering, allowing one to explore classes of Calabi-Yau singularities

that lie beyond the toric regime.

At the same time, this point of view reveals subtleties in the relation between geometry and
field theory that are not yet fully understood. In particular, the Higgs field description contains
information that is not completely captured by the holomorphic structure of the associated ge-
ometry. As discussed in the introduction, configurations such as T-branes provide a striking il-
lustration of this phenomenon. In these backgrounds, the holomorphic equation describing the
singularity remains unchanged, while the physical vacuum of the theory is nevertheless modi-
fied in a substantial way. From the geometric perspective, this manifests itself as an obstruction
to resolving the singularity: certain Kahler moduli are frozen to zero despite the absence of any
apparent obstruction in the complex structure description. T-brane backgrounds have also been
analyzed in the context of brane webs and incorporated in the framework of Generalized Toric

Polygons [14].!

!GTPs are the only example of non-toric brane webs that have been realized so far. Therefore, an interesting
question is whether ¢cDV could be described by brane webs with white dots.
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In the introductory sections, we have seen how this obstruction to resolving the singularity
manifests itself in the context of non-trivial ADE fibrations. In particular, when one turns on a
non-constant Higgs vev that is not holomorphically diagonalizable along the base of the fibration
and reduces to a T-brane profile at the origin, the resulting geometry develops a characteristic
obstruction to blowing up certain cycles in the singular fibers. Physically, this obstruction is
tied to a monodromy of the associated holomorphic volumes when regarded as functions of the
base coordinate. As one moves around the origin in the base, the periods of the vanishing cycles
undergo a non-trivial monodromy, preventing a global choice of resolution compatible with the
fibration. As discussed in the previous sections, such monodromic ADE fibrations are examples
of compound Du Val singularities, which arise naturally as three-dimensional complex subspaces
of the families of deformed ADE surfaces with partial simultaneous resolution 4.3.1. In 1.3 we
reviewed how D2-brane probes offer a way to detect the presence of a T-brane background. The
T-brane produces a magnetic monopole deformation on the worldvolume of the D2, and its effect
can be reconstructed from the 3d mirror theory. It is then natural to ask whether the monodromic
structure of the Higgs background can be similarly captured by deformations induced on the

probe.

In this work, we exploit this probe perspective by analyzing the three-dimensional theory
living on a D2-brane probing an ADE surface in the presence of a background Higgs field ®. In
this chapter, we will focus on constant Higgs field backgrounds, to prepare the ground for the
non-constant monodromic cases discussed in 6. The introduction of ® induces a deformation of
the superpotential of the D2-brane worldvolume theory that, in many interesting cases, includes
monopole operators. These monopole deformations play a crucial role in determining the infrared
dynamics of the theory but are notoriously difficult to treat because of their non-perturbative
nature. The techniques that we have introduced in Section 2.2 to analyze their effects in the
IR were mostly developed by [35, 37, 77]. Applying these methods, we are able to determine the
quiver and the superpotential of an effective three-dimensional theory that is valid for every value
of the deformation parameters p.* As the parameters g are varied, the three-dimensional theory
and its moduli space change accordingly. In this way one obtains a family of three-dimensional
gauge theories whose moduli spaces contain a geometric branch isomorphic to the corresponding
deformed ADE surface. By fibering this branch over the deformation parameter space g, the full
family of deformed ADE surfaces is reconstructed. This perspective provides a powerful tool for

studying families of deformed ADE singularities, particularly in the context of universal flops.

“For a given value of g there may still exist additional massive states that can be integrated out. The relevance of
our IR theory is that we have already integrated out the fields that are massive for all values of g.
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The quiver describing the three-dimensional theories in the family is related to the original
quiver associated with the Dynkin diagram through operations such as node removal and arrow
condensation, governed by the monopole deformation. Restricting to the maps that reproduce the
deformed Higgs branches and consistently setting the others to zero, one obtains a quiver and a
set of relations whose representation space reproduces the ADE family. These data match those
obtained in [131] and reviewed in 4.3.3, where universal flops were constructed by determining
the contraction algebra [132] through operations on the quiver closely related to those appearing
in the present analysis. In particular, for the flop of length 2 we reproduce the universal flopping
algebra of length 2 derived in [131].?

The three-dimensional gauge theory framework not only reconstructs the total space X, o
but also faithfully reproduces its singularities. These singularities arise in specific regions of the
deformation parameter space and appear in the probe description as additional branches of the
moduli space. For generic values of p the moduli space contains a single branch corresponding to
the deformed Higgs branch inherited from the undeformed theory. At special loci in parameter
space, however, new branches emerge, signaling that the fiber of the family becomes singular at
those points. These fiber singularities coincide with singularities in the total space X, when the
simultaneous resolution of X, 5 blows up spheres that are shrunk in the singular surface. In the
probe description, the sizes of the blown-up spheres correspond to Fayet-Iliopoulos parameters
of the effective three-dimensional theory. At the points g where additional branches appear, the
U (1) gauge factor associated with the FI term may or may not be broken; if it remains unbroken,

the simultaneous resolution occurs, meaning that X, is actually singular at those points.

Finally, the ADE families can be used to construct Calabi-Yau threefolds relevant for M-theory
and Type IIA compactifications. In particular, starting from the universal flop X of length ¢ =
2 and allowing the parameters g to depend on a single complex coordinate, one obtains the
Morrison—Park threefold [133]. Compactifying M-theory or Type IIA string theory on this space
gives rise to M2/D2 states with both charge 1 and 2 under a given U(1) gauge symmetry, a fea-
ture that has been extensively exploited in the F-theory literature. Finally, we show how the
monopole operators of the effective three-dimensional theory associated with X4 can be used to
extract information about the charges of M2/D2 states in compactifications on Calabi-Yau three-

folds constructed from this geometry.

3The algorithm used in [131] to obtain the contraction of the quiver and the relations for the ADE families was
already introduced in [12] from a more physical perspective. In that approach the parameters g are allowed to depend
on an additional field, making it possible to encode the relations of the family into a four-dimensional superpotential
describing D3-branes probing Calabi-Yau threefold singularities in Type IIB string theory.
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In this chapter, we provide a detailed analysis of the effective three-dimensional theories de-
scribing the universal flops of length 1 and 2, successfully reproducing their known geometric

structures. The more intricate cases with ¢ > 2 are left for future investigation.

The chapter is organized as follows. in Section 5.1 we analyze the effect of turning on a back-
ground for ® and construct the universal flop of length 1 from a family of deformed A; singular-
ities with simultaneous resolution; we also study the effective theory associated with a specific
Ajg family in preparation for the more intricate ¢ = 2 case. Section 5.2 presents our main result,
where the universal flop of length 2 and its geometric properties are derived from the family of
three-dimensional theories obtained through monopole deformation of the D2-brane probe of a

D, singularity.

5.1 D2-branes and families of ADE surfaces

We now switch on a vev for ®. This will deform the worldvolume theory of the D2-brane as it is

now probing a different background (deformed by non-zero ®).

5.1.1 A;-family from D2-branes and universal flop of length 1

We start again considering the A; case studied in Section 2.2.3.

On the Theory A side, the effect of a non-zero vev for @ is straightforward to understand, as ¢
is the complex adjoint scalar living on the worldvolume of a stack of two D6-branes. This induces

the following superpotential deformation on the worldvolume of the probing D2-brane:
SWa=TrdM  with M, = QiQ;, (5.1)

that is a mass term for some flavors.

Applying the mirror maps to (5.1), one obtains the superpotential deformation induced by
® in Theory B. We notice that when the matrix ® has off-diagonal elements, the trace in (5.1)
involves operators QZCNQ] with ¢ # j that are mapped by mirror symmetry to monopole operators
(see (2.19)). Hence, in this case 6y includes these non-elementary operators. In order to deal
with monopole superpotentials, we follow the procedure in [35, 37, 77]: one maps the 3d theory

with monopole superpotential to a dual 3d theory with a superpotential that depends only on
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elementary fields. We now work in Theory B. In the A; example, a non-zero vev for ® generates

oWpg =Tr [@(g) (¢1w_¢2 ¢2w_+¢1)] : (5.2)

o (1) - (é _Ot), D) = (2 ;) (53)

The diagonal one is the ® corresponding to the universal flop of length one; the other will be

the deformation

We two choices of ®:

important for addressing the more complicated cases discussed in the upcoming sections.

e Case 1:
(sWB == 2t((]§1 - (bg)

This is a complex FI term. The Higgs branch of the moduli space is simply deformed to

w = 22 — t?
in terms of the gauge invariant variables © = q1¢2, v = ¢1¢2 and z = ¢1G; + t. This is the
expression for the A; family with simultaneous resolution, i.e. the universal flop of length

one.

Let us check the presence of other branches allowed by the F-terms: When ¢ # 0 the U(1)
gauge group of the 3d theory is broken and the HB is the only branch of the theory. At
t = 0, a new branch arises, i.e. the CB with geometry C? /Zs; moreover, along this branch

the U(1) gauge group is unbroken.

« Case 2:
Wp =w_ + pwy. (5.4)

This superpotential depends on monopole operators. We go to the mirror theory, where the

deformed superpotential is

Wy = @(Ql@l + Q2C~22) + Q2Q1 + 111 Qs (5.5)

The deformations are now simple mass terms. Since we want to obtain the moduli space

for each value of the parameter j, we integrate only the fields that are massive Vy, i.e. in
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this case Q and Q;. After doing this, one obtains an N/ = 2 3d* U(1) gauge theory with
one flavor, one singlet ¢ and the superpotential

Waesr = (1 — ©*)Q1Q - (5.6)

We now apply mirror symmetry on this effective theory [37, 77]. The mirror symmetric of a
U(1) gauge theory with one flavor and zero superpotential is the XY Z model, with mirror
map given by X Q1Q>, Y > vy, Z <> v_. When the U(1) model is deformed by the
superpotential (5.6), the XY Z model has the superpotential

-Y
Wpet = XYZ+ X(pp—¢*) =X det M+ p X, with 91 = <§ ) . (5.7)
—¥

The matrix 90 is in the adjoint representation’ of the original flavor group SU(2) (that was
acting on the HB) that is not broken by the deformation 6Wp. The F-terms are

aW . o 2 .

a—I/V:O : Xp=0; (5.9
e

ow

0_Y_0 : XZ=0; (5.10)
ow

(3_Z_0 : XY =0. (5.11)

The last two equations give two branches: X = 0 or Y = Z = ¢ = 0. The second one is
excluded when p # 0, because of (5.8). The first one is the space parametrized by Y, Z, ¢
subject to the relation Y Z = ¢? — p, that is the defining equation of the A; family with no
simultaneous resolution. For ;1 = 0, the branch Y = Z = ¢ = 0 is allowed. It is a complex

one-dimensional space parametrized by X. There is still no U(1) gauge group when p = 0.

From the point of view of the probe D2-brane, the two ®’s in 5.3 deform the worldvolume

theory in the same manner away from the origin (¢ # 0 or p # 0); at this point however the

worldvolume theory of the probe D2-brane is different even though the geometry is the singular

A; surface. What distinguishes the two ®’s at the origin is that in Case 2, the geometry is sup-

“When p # 0, the 3d N = 4 supersymmetry is recovered as emergent in the IR [74, 134, 135]. In fact, [74]
considered deformation like the one in this example, with 1 a dynamical field.
>One can interpret the fields ¢, Y, Z as condensates of g;, §; (see (2.20)).

116



plemented by a T-brane background. The theory on a D2-brane probing a T-brane background
was studied first in [37] and is exactly the one discussed in 2.2.4. In particular, we notice that the

original CB is partially lifted to the C parametrized by X.

5.1.2 ADE family from the D2- probe for generic ADE algebra

We now extend the lesson we learned in the simple A; example to a generic ADE singularity. One
probes such a singularity by a D2-brane. The singular background can be deformed by switching
on the adjoint complex scalar ®. From the point of view of the probe theory, it is an object in the
adjoint representation of the flavor group Gy acting on one branch of the moduli space (the CB
on the B-side) of the probe 3d theory. The flavor algebra is the ADE algebra associated with the

singularity.

The deformation of the superpotential takes an elementary form:
W =Tr [Pyl , (5.12)

where p is the moment map of the flavor symmetry G . In Theory B (D2-branes at ADE singu-
larities) p is the moment map on the CB, that involves several monopole operators. Hence, to deal
with this deformation one needs to be able to treat monopole superpotentials. We will illustrate
how to do this in the following section, in preparation for the more complicated universal flop of
length 2.

The form (5.12) of the deformation can be generalized to any ADE algebra. It can be checked
explicitly by string duality for the A and D algebras (as done for the A; case). Adding (5.12) to the
superpotential deforms the Higgs branch of the probe 3d theory. The family of such deformed HB
moduli spaces over the parameter space B, is the ADE-family, with the simultaneous resolution

determined by the form of ® or, equivalently, by the Levi subalgebra in which ®(p) resides.

The effective 3d theory provides more information than the defining equation of the ADE
family. When the parameters g are such that the ADE surface becomes singular, the HB of the
D2-brane probe theory develops singularities, and new branches of the moduli space emerge from
those singularities. However, this does not imply that the entire (r + 2)-fold family X, 5 becomes

singular at that value of p. A singularity arises in the family when, upon resolving it, certain roots
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of the singular fiber blow up.® In the effective 3d theory, the sizes of these roots are determined
by the FI parameters, as explained in Section 2.2. Activating one of these parameters forces the
corresponding root to blow up at the singularity of the HB. These FI parameters correspond one-
to-one with the U(1) factors in the gauge group of the 3d theory. When the effective theory
lacks any U(1) factors, even in the presence of a singular HB, it indicates a T-brane background,
which obstructs the resolution [37]. This means that no roots can be resolved at that point in
B,, and consequently, the family is not singular there. This is the mechanism by which partial

simultaneous resolutions are implemented in the effective theory.

In other words, the deformation (5.12) leads to an effective 3d theory with its own quiver (i.e.
gauge group and matter) and superpotential Weg; varying o the superpotential changes and the
moduli space of the 3d theory is modified. At generic points in B, the moduli space has only one
branch, the deformed HB, where the gauge group is broken completely. At points of B, where
a new branch arises, the effective theory may have points in the moduli space (in particular the
common origin of the branches) where (part of) the gauge group of the quiver is unbroken. If this
(sub)group contains U (1) factors, there is the possibility to activate real FI-parameters, that lead

to the resolution of the singularity of the HB.

We therefore present the following statement, which will be supported by the examples that

follow:

Consider the set of effective 3d theories over the space B,. The family of HB moduli spaces is the family
of ADE-surfaces. Singular surfaces arise at values of @ where the 3d theory develops an additional
branch beyond the HB. Furthermore, at such points in B,, the gauge group of the effective theory at
the intersection of the new branch with the HB may or may not have some U (1) factors; the number
of the corresponding FI-parameters indicates how many roots of the singular fiber are blown up in

the (partial) simultaneous resolution.

This statement is, in particular, verified in the A; case studied above. There, the gauge group
has only one U(1) factor, hence there is at most one FI-parameter. This is related to the fact that

A; has one simple root, that may or may not be resolved in the family, corresponding to the fact

This means that actual curves have shrunk to zero size in the singular limit.
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that the in the effective theory the U(1) survives or not. Let us see the two possible cases:

« Case 1. Att = 0, a new branch arises, corresponding to the fiber developing an A; singu-
larity, and a U(1) factor survives, with its real FI-term that would blow up the simple root
of the A; singularity. This is in agreement with our statement, as Case 1 is the family with

simultaneous resolution, i.e., the universal flop of length { = 1.

« Case 2. When p # 0 the deformed A; surface is the only branch of the moduli space. At
i = 0, we have a new branch that tells us the corresponding ADE surface is singular as it
can be checked from the defining equation of the family. However, now there is no U(1)
factor in the gauge group, hence the effective theory cannot be deformed by a non-zero real
FI-term, which means that the shrunk A; root cannot be blown up. This is compatible with
the fact that this family has no simultaneous resolution of the simple root in the central

fiber (as this family is a smooth space).

Another simple example to test our statement is an A, family with complete simultaneous
resolution. The corresponding Higgs field is a diagonal matrix, & =Diag(t, to, —t; — t3), where

t1,t, are the parameters parametrizing the base B,. The defining equation takes the form
uv=(2—1t1)(z—t)(z+t1 +ta) . (5.13)
The superpotential deformation is just a sum of complex FI-term:
W = (2t1 + t2)p1 — (t1 — t2) P2 — (2t2 + t1) 3 . (5.14)

At a generic point in B, the U(1) x U(1) gauge symmetry is fully broken, and the HB is deformed
into a smooth surface, which remains the only branch of the moduli space. When the coefficient
of one of the ¢; in (5.14) vanishes, the corresponding U(1) factor is preserved in the effective
theory, and its CB emanates from the HB. The effective theory possesses a real FI parameter,
consistent with the fact that at these points, the equation (5.13) develops an A; singularity, which
is blown up in the simultaneous resolution of the family. Finally, when t; = ¢, = 0, the gauge
group retains both U (1) factors with corresponding FI parameters and CB. This is the origin of the
family, where the surface has an A, singularity, and both roots are blown up in the simultaneous

resolution.
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5.1.3 Example: As-family from D2-branes

As a preliminary step toward tackling the universal flop of length ¢ = 2, we first consider a

simpler A,, case, which we introduced in 4.2.3.

(03] (6] (0%
o — O—©
1 1 1

Figure 5.1: A3 Dynkin diagram. The colored nodes corresponds to the obstructed spheres in the
partial simultaneous resolution of the A3 family.

We want to realize a family of A3 surfaces with the simultaneous resolution only of the central
node of the corresponding Dynkin diagram (see Figure 5.1). This means that the Levi subalgebra
®(p) should belong to is

L=A" & AP & (a3) (5.15)

where AJ" is the A; subalgebra (e,,, € _q,, [€a;s €—a;])-

Following the rules given in Section 1.4.3, the corresponding Higgs field takes the form

02 1
P — 01 02 (5.16)
—02 1
03 —02
and the equation for the family is, according to (1.29),
w = ((z—02)—01) ((z+ 02)* — 03) - (5.17)

We now consider a D2-brane probing the Aj surface deformed by (5.16) and we will show that
the family of its HB moduli spaces over B, is exactly the family (5.17).

The worldvolume theory of a D2-brane probing the Aj; singularity is a 3d N’ = 4 supersym-
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Figure 5.2: A3 quiver.

metric quiver gauge theory, with the quiver in Figure 5.2 and the superpotential

4

Wa, =Y (¢ — dim1)aidi (5.18)

i=1
with the convention ¢y = ¢4.

To write down the deformation (5.12) that ¢ induces, we need to say what is the moment
map on the CB of this theory. The flavor symmetry on the CB is SU(4) and the moment map is

(according to mirror symmetry [28, 31])

s — O1 W1,0,0 W1,1,0 W1,1,1

p= W-1,0,0 O1— P2 Wo,1,0 Wo,1,1 ‘ (5.19)
W-1,-1,0 Wo,-1,0 2 — @3 Wo,0,1
w-1,-1,-1 Wo,—1,-1 Wo,0,—1 ¢3 — Q4

Plugging (5.16) and (5.19) into §WW = Tr [® pu], we obtain
OW = 209(¢s — ¢2) + w_1,0,0 + 01W1,00 + Wo,0,—1 + 03Wo,0.1 - (5.20)

The monopole operators that appear in this deformation are those related to the white nodes (2

and 4), i.e. the roots that are not blown up in the partial simultaneous resolution of the family.
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We now write the deformed superpotential W = W, + 6W in the following form

_ . i
Wt = ¢ TeM, + w_1,0,0 + 01w1,0,0 + Tr (%4 s ) M,
2

+ 202(¢s — ¢2) (5.21)

_ . }
+ @P3sTrMs + woo,—1 + 03wo0,1 + Tr (%2 s ) My,
4

where M;, i = 1, 3, are the meson matrices of nodes 1 and 3, i.e.

My = B T and My = BB TBE) (5.22)
q2q91 —q242 G443  —qaqs

The superpotential operators in (5.21) are relative to the U(1) gauge group of nodes 1 and 3
respectively. In order to deal with such situations, with monopole operators in the superpotential,

[37] proposed the following procedure:

¢ (@1,0)
@ o m
q ! 1 (42, G1)
@ g1
- g3 (Ga,G3)
b1 7 P2 3 ¢3 (g3, 4a)

Figure 5.3: A3 theory: ungauging nodes 2 and 4, we end up with two copies of a U(1) gauge
theory with 2 flavors.

1. The monopole operator is charged under the topological U(1)r relative to one node. Con-
sider that abelian node, and ungauge the nearby U(1) gauge factors; in our example, one un-
gauges node 2 and 4, isolating nodes 1 and 3 as depicted in Figure 5.3. The isolated theory is
coupled back to the nearby nodes (to obtain the full quiver gauge theory) by gauging a sub-

group of its flavor symmetry; this is implemented by the last terms in row 1 and 3 in (5.21).
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For each isolated (balanced) node one has a 3d N = 4 supersymmetric U(1) gauge theory
with two flavors and a monopole superpotential deformation. Let us consider node 1 in our

example: The isolated theory is U(1) with two flavors and superpotential
W1 = ¢1TI‘M1 + W-1,0,0 + 01W1,0,0 - (5.23)

This is clearly of the form (5.2) encountered in the A; case, with ;1 = ;. We have the same

for node 3, with u = ps.

2. Now, we apply (‘local’) mirror symmetry to the isolated 3d theory to go to a U(1) gauge
theory with two flavors and mass term deformations like in the A; case. We then compute
the effective theory after integrating out the massive field (massive for all values of ).
Finally, we apply mirror symmetry back obtaining an effective theory. This theory has the

same flavor symmetry as the original isolated theory on its HB.

Basically we need to follow the same steps as in the A; case of Section 5.1.1. We obtain a

modified XYZ theory with superpotential

-Y)
Wit = X det D + 01 Xy with 0 = (? 1) (5.24)
1 —%1

and flavor symmetry SU (2). For node 3 we have the same theory with analogous superpo-

tential.

3. We now have to couple this effective theory back to the quiver. The superpotential terms
realizing it are traces of the product of the moment map of the SU (2) flavor symmetry with

the ¢-dependent matrix appearing at the end of rows 1 and 3 in (5.21).

For node 1, we need to add

P
<df)4 (;)2> Eml] =Tr [( (2) @) ml] = a(ps — ¢2) - (5.25)

We do analogously for node 3.

Tr

We can now write down the effective superpotential for the effective theory, by adding also
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¥1

Y Y3

¥3

Figure 5.4: Quiver for the universal flop of length 1.

the term in the second line of (5.21):

Weﬁ = X1 (det ml + Ql) + X3 (det mg + Q3) + (ng — @3 + 2@2)(@54 — ¢2) . (526)

Note that the final quiver, depicted in Figure 5.4, has now two nodes less, as the U(1) of nodes
1 and 3 now disappeared from the effective theory (see [37]).

Let us check that the family of moduli spaces over the variety parametrized by (o1, 02, 03) is

the A3 family we are probing. Before computing the F-terms, we integrate out the massive fields

(¢4 — ¢2) and (1 — 3), obtaining:
wet = X, (3/121 —(p—0)*+ Q1) + X3 (Y:ng —(p+ 02)* + ,93) , (5.27)
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with ¢ = 21222 The F-terms are the following

ow

8_X2 =0 : Y121 = (p — Q2)2 —01; (5.28)
oW

X, = 0 : VsZs = (p+02) — 03; (5.29)
ow

D 0 : 02(X1 — X3) — (X1 + X3) = 0; (5.30)
ow

0 XZ=0 i=13; .

5 =0 Z.=0 i=13: (5.31)
ow .

o7 =0 XY,=0 i=1,3. (5.32)

The last equations select four branches: {X; = X3 = 0}, {X; = Y3 = Z3 =0}, {X3 = Y] =
Zy =0} and {Y; = Z; = Y3 = Z3 = 0}. The last three branches are incompatible with the first
set of equations for generic o1, 02, 03. As we will see shortly, these branches are allowed on some

special loci in the space B,, where the deformed HB develops singularities.

The A; family from the deformed HB

Let us concentrate on the space given by X; = X3 = 0 with the relations (5.28) and (5.29) and
modded out by the U(1) x U(1) gauge transformations. The gauge invariant coordinates on this

moduli space are:
U=YYs, V=217, P=Y17 Py =Y3Z5, (5.33)
together with (. These are related by UV = P, P;. The relations (5.28) and (5.29) become
Pi=(p—0)~0o and Py=(o+0) —0s. (5.34)
Hence, the moduli space is the set parametrized by U, V, ¢ modulo the relation
UV =((p—02)"—01) (04 02)* — 03) - (5.35)

This is exactly the A3 family with defining equation (5.17).
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Singularities of the family from the effective 3d theory

For generic values of g1, 02, 03, the surface singularity is completely deformed, i.e. the HB is
smooth and it is the only component of the moduli space. We expect new branches of the moduli
space emerging at singularities of the HB. To understand which loci of B, support singular sur-
faces, it is then enough to see when the moduli space of the probe D2-brane theory develops new

branches. In this way, the effective 3d theory detects the loci where new singularities arise.

Let us see what happens over some specific loci of B,:

« When 1603 — 802(01 + 03)? + (01 — 03)? = 0, the relations above allow the new branch

— 402 —
i=Zi=Y=Z=0, o=2_"9 ng(M>X1- (5.36)
40, 405 — 01 + 03

Along this branch, the relative U(1) is unbroken and X, takes any value. The monopole
operators of the relative U(1) can take vev subject to the relation V, V_ = (ig%fﬁ) z.
Le. we find a branch with the geometry of C?/Z,, that is what one expects for the CB of
a D2-brane probing an A; singularity. In fact, it can be checked that on the locus under
consideration, the A3 surface develops an A; singularity. We have detected it by looking
at the effective theory. Moreover, the U(1) is untouched and one can switch on a real FI-
parameter, which corresponds to a resolution of the A; singularity. This signals that this is

also a singularity of the full family and that we can do a simultaneous resolution.

« When p; = 0, the following new branch arises:
Vi=Z1=X3=0 @=0, YsZ3=403— 03, (5.37)

with X; unconstrained. We then see a complex 1-dimensional branch. This may look
strange for a D2-brane probing a singularity. In fact, when p; = 0 the equation of the
surface manifestly develops an A; singularity at U = V = ¢ — go = 0. However, the
background still has a T-brane deformation, that is not visible at the level of the geome-
try. Our effective theory is however able to detect such background, as the effective theory
we obtain is the same as the one of a D2-brane probing an A; singularity with a T-brane
background (see [37, 77]). In particular, along this branch there is no unbroken U (1) (as the
charged fields Y3, Z3 must take non-zero vev). Correspondingly, one loses the possibility to

deform the theory by an FI-term and there is no simultaneous resolution.
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« When g3 = 0, the following new branch arises:
YVi=Zs=X1=0 @=—0, Y121 =40 — 01, (5.38)

with X3 unconstrained. All considerations done for the previous case hold here.

« At the intersection of the first and one of the other two loci, the effective theory is the
same one would obtain by probing an A, singularity with a given T-brane background.
In particular there is only one U(1) gauge group, with the possibility of turning on one

non-zero FI-parameter: only one 2-sphere is blown up in the simultaneous resolution.

« At the intersection p; = p3 = 0, there are new branches, but the T-brane is so severe that
no U(1) is left. In fact, the fiber develops an A; @ A; singularity, but the sixfold is smooth.

« At 9 = 0o = p3 = 0, the A3 surface has the full Aj singularity. Together with the HB
displaying the Aj singularity, there is another branch. This is what is left from the Aj
CB after switching on the T-brane background. There is only one U(1) in the effective 3d
theory with the possibility of turning on an FI-term. Again this means that the simultaneous

resolution blows up just the central node.

The effective theory tells us that the A3 family has singularities only along the first locus, as it can
be checked directly from its defining equation. As expected, the analysis of the singularities along
the HB and the F-term relations that are non-trivial in the geometric sector (that is, when X; =
X3 = 0) reproduce the results derived in 4.2.3 and 4.3.3 from the Springer theory of resolutions of

the families of deformed ADE and the non-commutative resolutions constructed a la Karmazyn.

5.2 Universal flop of length 2 from D2-branes

In this section, we want to realize the universal flop of length 2 as the family of HB moduli spaces

of D2-branes probing a D, singularity deformed by a specific form of ¢ (o).

5.2.1 Universal flop of length 2 and the Higgs field ¢

The Higgs field that realizes the universal flop of length ¢ = 2 should allow the simultaneous

resolution only of the simple root corresponding to the central node of the D, Dynkin diagram.
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Figure 5.5: D, Dynkin diagram. The colored nodes correspond to the obstructed spheres in the
partial simultaneous resolution of the D, family realizing the universal flop of ¢ = 2.

We call this root a4 (see Figure 5.5). This requirement implies that ¢ must live in the following

Levi subalgebra:
L=A" A oA g (al) C Dy. (5.39)

Following the prescription (6.72) for each A; summand we have

Qi

0 1 .
(I)’Agi) - < 0) = €q, + 0i€—a; 1= 17 2a 3 ; (540)

where p; (¢ = 1,2, 3) is the Casimir of the s/, algebra Agi). Moreover ¢ can have a component

along o with coefficient p,.
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Employing the standard basis of [136]” we can write ® as the matrix

oo 1 0 0olo 0o 0 o0
oo oo 0 010 0 0 0
0 0 10 0o o0 1
s_| 0 0 e 00 0 -1 0 5.41)
000 0 |-0 -0 0 O
000 0/|—-1 —o 0 0
0 0 0 —0o| 0 0 0 —ps
00 oo 0] 0 0 -1 0

The equation for the universal flop of ¢ = 2 can be derived by plugging (6.86) into (1.46):

® +y*2 —2(01 — 03) (03 — 02)y

_(ta - 03)? +4032)((z + 03 — 02)* + 4022) — (01 — 03)*(03 — 02)* 0 (5.42)
2

For later convenience, we introduce a change of variables to realize the versal deformation of

the D, singularity written as X? =Y Z (Y + Z). The coordinate transformation is

€T 2X
= Y -7 . (5.43)
2 Y + 7 — (01 + 02+ 03 + 03)

In terms of the variables X, Y, Z, the equation for the family is

X?=YZ(Y +Z)— (o1 + 02+ 05+ 03)YZ + (01 — 02)(03 — 7)Y

(5.44)
+ (01 — 03)(02 — Qi)Z + (01— 02— 03+ Qi)(&@i — 0203) -

"Le. we choose a basis such that an element M of D, is not an antisymmetric matrix but instead satisfies M T +

IMTzommI=<{l4>
1y

129



q1

Figure 5.6: D, quiver.

5.2.2 D2-branes and universal flop of length ¢ = 2

We now describe the universal flop of length ¢ = 2 through the effective theory of a D2-brane
probing a family of D, surfaces. We begin by discussing the theory at the D, singularity, followed

by an analysis of how the superpotential deformation induced by ® modifies the effective theory.

D2-brane probing a D, singularity

The worldvolume theory of a D2-brane probing a D, singularity is a 3d N' = 4 supersymmetric

quiver gauge theory, with the quiver in Figure 5.6 and the superpotential
3 3
i=0 =0

where ¢;, ¢; (1 = 0,1, 2, 3) are the bifundamental hypermultiplets, ¢; (i = 0, 1, 2, 3) are the scalars
in the U(1) vector multiplets at the external nodes and V¥ is the scalar in the adjoint of U(2) at
the central node. In (5.45) ¢; must be understood as a two-component column vector, while ¢; is

a row vector.

The topological symmetry is SO(8). The Cartan torus is the product of the U(1)7’s of each
node, whose generators can be identified with ;. The monopole operators are labeled by the

charges relative to these U(1)7’s, i.e. (qo, q1, 2,93, q4). Due to the decoupling of a U(1) gauge
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multiplet, the charges of the monopoles are defined up to the shift (qq, q1,q2,93,94) — (qo +
Lgr+1,q24+ 1,93+ 1, qs +2). To deal with this redundancy one sets ¢o = 0 [95]. The monopole
operators are then written as wg, q,.q5.q.- The topological U(1)7 associated with the central node
deserves further elaboration. At this node, the gauge group is U(2). To define the monopole
operators, the theory is first abelianized into U(1) x U(1) [32]. For each U (1) factor, a topological
U(1)r is defined: Thus, in the abelianized theory the monopole operators are labeled by two
charges, that can be denoted (¢!, q?). However, one must quotient by the Weyl group of the
original U(2), which identifies the two topological U(1)r. The resulting charge after the quotient
is q4 = qj + q and the invariant monopole operator with charge q; = 1 is given by w; =
wy 0 + wo,1 (Where, for clarity, we have omitted the charges under nodes 1,2,3).

The moment map on the CB is given by [37]:®

P w1,0,0,0 w1,0,0,1 w1,0,1,1 0 w1,1,1,2 w1,1,1,1 w1,1,0,1
—w-1,0,0,0 Py 0,0,0,1 w0,0,1,1 —w1,1,1,2 0 wo,1,1,1 w0,1,0,1
—w_1,0,0,—1 —0,0,0,—1 Ps w0,0,1,0 —w1,1,1,1 —Wo0,1,1,1 0 w0,1,0,0
_ —w-1,0,—1,-1 —w0,0,—1,—1 —w0,0,—1,0 Py —w1,1,0,1 —W0,1,01 —W0,1,0,0 0
H 0 w-1,-1,-1,-2 W-1,-1,-1,-1 W—-1,-1,0,—1 -P w-1,0,0,0 W-1,0,0,—1 W-1,0,—1,—1
—w_1,-1,-1,-2 0 wo,—1,-1,—1 wo,~1,0,—~1 | —W1,0,0,0 —P w0,0,0,—1 w0,0,—1,—1
—w_1,-1,-1,-1 —W0,—1,-1,—1 0 w0,-1,0,0 —w1,0,0,1 —0,0,0,1 —P3 w0,0,—1,0
—wW-1,-1,0,-1 —wo,—1,0—1 —w0,-1,0,0 0 —w1,0,1,1 —W0,0,1,1  —W0,0,1,0 —Py
with
(P1, Py, P3, Py) = (o — @1, =20 + ¢o + ¢1, 20 — @2 — ¢3, 03 — @) . (5.46)

Monopole deformations and the effective theory

The field ® in (6.86) generates the following superpotential deformation’ 1/ = %Tr[@u] on the
D2-brane probe worldvolume:

W = —w_1000—Wo,-1,00 — W0,0-1,0 T O1W1,0,0,0 + 02W0.1,0,0 + 03W0,0.1,0 + 204(Po — V) . (5.47)

We note that the expression is symmetric in the exchange of the three external simple roots

Qq, g, Ol3.

We now apply the algorithm explained in Section 5.1.3:

8We use a slightly different notation, that we justify in Appendix B.2.
°The 1/2 normalization factor is due to the matrix representation we are using for ® and p.
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1. Letus consider node 1. Nodes 2 and 3 behave in the same way due to the symmetry between

the three external nodes. The isolated theory is U(1) with two flavors and superpotential
Wi = =1 TrMi — w1000+ 01W1,000 - (5.48)

This is of the form (5.2) encountered in the A; case.

2. Following the same steps as in the previous examples, we obtain for each node a modified

XYZ theory with superpotential

i =Y .
Wel = X, det O, + 0, X;  with O = (2 > i=1,2,3 (549
i —¥i

and flavor symmetry SU(2).

3. We now couple these isolated theories to the nearby nodes. For each node, we need to add
- - 1
Tr U] = Tr [\I/fmz} with W=V —¢1 and ¢ = §Tr(\Il) , (5.50)

and where on the right-hand side only the traceless part of U survives, as 901; is traceless.

Adding all the terms together, we obtain the effective superpotential

3 3
Wer = ZXi (det M; + 0;) + Tr | U (%@o + mez)

i=1

+ 4 (Gogo — 204) (5.51)
=1

with ¢ = ¢ — ®o. The quiver of this effective theory is given in Figure 5.7.
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o

Figure 5.7: Quiver for the effective theory.

The F-terms are the following:

ow
0xX;, 0
W _y
o
w_,
ov
ow

=0
oM,
ow
— =90
dqo
ow
=0
Iqo

det?)ﬁl:—gz Z:172,3
doqo = 204
> 1
> M+ <QOQ~O - 5(@0610)1> =0
=1
T—XM=0 i=123
do (\If+z/311> —0
<\I~/ + 772)1) qo = 0.

(5.52)

(5.53)

(5.54)

(5.55)
(5.56)

(5.57)

The 3d gauge theory with quiver in Figure 5.7 has also a D-term potential. The gauge group
is U(1) x U(2). The D-term relations are:

a0 — Godh = 2¢,

3

qogb — @bdo + [, W]+ ) 90, M) = €1,

=1

(5.58)

where ¢ is the real FI-parameter associated with the U(1) generator 77 — T3, where T; generates
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the diagonal U(1) factor of the gauge group at the i-th node in Figure 5.7 (the diagonal U(1)
generated by 7} + 75 decouples as no field is charged under it).

As we will see shortly, these relations can potentially give rise to distinct branches of the
moduli space. For generic values of ¢ = (o1, ..., 04), the moduli space of the effective 3d theory
has a single branch, corresponding to the deformed HB. The family of these spaces is the universal
flop of length ¢ = 2. At special points in the space B,, parametrized by g1, . . ., 04, the fiber surface
develops singularities, leading to new branches in the moduli space. By analyzing the U(1) factors
in the gauge group of the effective theory, one can determine whether the universal flop sixfold

is singular at these points in B,. We will examine this in detail in the following.

The universal flop of length 2 as a family of deformed HB’s

Let us consider the case in which gy, ..., g4 take generic non-zero values. As we will prove next,
in this case the relations (5.52)-(5.57) imply that X; = X, = X3 = 0, ¥ =0 and 1& = (0. We are
therefore left with a moduli space parametrized by the traceless matrices 91, (: = 1, 2, 3) and the
bifundamentals gy and ¢, organized in an effective quiver, that we show in Figure 5.8. The maps

in the quiver are subject to the relations
3
Z‘)ﬁi + qogo = 041 and detM; = —p; 1=1,2,3. (5.59)
i=1

These relations, together with the quiver in Figure 5.8, reproduce the ‘universal flopping algebra
of length ¢ = 2’ derived by [131], from which the universal flop of ¢ = 2 can be recovered by a

moduli construction.!®

The invariants that parametrize this branch of the moduli space consist of single trace chiral

operators, which correspond to closed loops in the quiver. A convenient choice for a basis is
Ai =Tr [SDTOSDTZ] ) B=Tr [93?093329323] ) (5.60)

where we defined 90ty = ¢oqo.

The precise match with Example 4.23 in [131] works in the following way: 1) the quiver is the same; 2) the
relations in [131] imply that the self-arrows of the rank-2 node are traceless; 3) one uses that for traceless 2 x 2
matrices M, the relation M? = —det(M) 15 holds.
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Figure 5.8: Quiver for the universal flop of length 2.

Crucially Ay, Ay, A3 and B are not independent. In particular, (5.54) implies that:
> A =20 (5.61)

Moreover, there is an additional relation involving B, which we derive in Appendix B.1:

A1AsAs = — B* 4+ 2Boy(As + pi + p1 — p2 — p3)

(5.62)
— (paAs + p3Az) (A1 +2p7) — AsAs(pl + p1) — 4pipaps -

We write A; in terms of A; and Ajs by using the first relation, and make the following redefinition

of the gauge invariant coordinates:

Ay = Y —ps— 0], (5.63)
Ay = Z—o03— 2, (5.64)
B = X—(Y+Z—0)os+0}. (5.65)
with Ay = =Y — Z + 0y + p3. Plugging these redefinitions into (6.103), we obtain a space

parametrized by X, Y, Z subject to the relation

X*=YZ(Y +2Z)— (01 + 02+ 03+ )Y Z + (01 — 02)(03 — 0})Y

(5.66)
+ (01 — 03)(02 — Qi)Z + (01— 02— 03+ Qi)(&@i — 0203) -

This is exactly the equation (5.44), that defines the universal flop of length ¢ = 2 as a hypersurface

in the seven dimensional ambient space C3%-, X B,,.
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Singularities of the sixfold from the effective 3d theory

We now search for loci in B, where the moduli space of the effective 3d theory develops new
branches. As explained in Section 5.1.2, at these loci, the ADE surface develops a singularity.
From the quiver in Figure 5.7, we observe that there is only one relevant U (1) subgroup, which is
the relative U(1) between the U(1) factors at each node (the diagonal U (1) is decoupled). Hence
the theory has only one real Fl-parameter that can be activated (leading to the simultaneous
resolution of the family). To determine whether the loci in B, that support new branches of the
moduli space correspond to singularities in the sixfold family, it is crucial to verify ifa U(1) gauge

group is preserved at the intersection of these branches.

There are two loci of B, where we detect a singularity of the fiber that is blown up in the

simultaneous resolution of the family:

« When g, = 0, the relations (5.52)-(5.57) allow to set gy = ¢y = 0; the corresponding new

branch is determined by the following relations:

3
> M=0, detM;=—g and ¥ - XM =0 (i=1,23). (5.67)

=1

For generic 01, 02, 03, (5.67) imply X; = 0 and ¥ = 0.1' The first two relations in (5.67)
imply that 9; are fixed (up to gauge transformations) to a specific value determined by the
parameters o1, 02, 03."* The only field that can vary along the new branch is 1& Along this
branch the relative U(1) of the two nodes is unbroken. Its monopole operators V. can get
non zero vev as well, subject to the relation V,V_ = @/;2. The new branch has then the
geometry of a C?/Z,, like the CB of a U(1) theory with two flavors.

In fact, at the intersection of the new branch with the HB, the effective theory isa 3d N = 4
supersymmetric U(1) gauge theory with two flavors: integrating out the massive fields
U, M;, X; one obtains the superpotential Wi = ¥ Gogo. This is compatible with the fact
that the D2-brane is probing an A; singularity. In fact, when g, = 0 the equation (5.66)

The matrices 91; are invertible. U = X9, says that the X; are either all zero or all non-zero. In the second
case, the 91; should be proportional to each other. But this is in conflict with E?:1 M; = 0 for generic o1, 02, 03-

2The first relation implies 9; = —9y — IMN3; the other three relations determine all the gauge invariants of
two traceless 2 X 2 matrices. In particular, det My = —p9, det M3 = —p3 and TrMM3 = — det(MWa + M3) +
det Mo + det M3 = g1 — 02 — 3, where we used the fact that for traceless matrices 91; the following relation holds:
det M; = —LTr(IM?).
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takes the form
X2 =03(Y —02)’ +02(Z —03)* + (Y —0)(Z - 03) (Y + Z — o), (5.68)

that has a manifest A; singularityat X =Y — 0y = Z — o3 = 0.

The D-term condition of the effective theory can be derived by looking at (5.58) and setting
the massive fields as above, i.e. U = 0 and 90, traceless invertible matrices, that are then

diagonalizable by gauge transformations. This leaves the following D-term:

dhao — Goh = 2¢ . (5.69)

Switching on a non-zero real FI-parameter £ blows up the A; singularity of the HB. This is
the FI-parameter of the theory with quiver in Figure 5.7, hence the simultaneous resolution

of the family sixfold blows up the A; simple root.

The effective theory has detected a singular locus in the sixfold, where a CP' is blown up

in the simultaneous resolution of the family.

When
6403010203 = [0] + 05 + 03 — 20102 — 20103 — 20203

2
—205(01 + 02+ 03) + 01] ",

a new branch emerges, as we now show. To present in a cleaner shape what happens at one

(5.70)

point along this locus in B,, let us write

o=ri, 02=T5,  0s=r3,  04=T4. (5.71)

We stress that the holomorphic coordinates on B, are still g1, ..., 0. The locus (5.70) can

then be written as points where
:|:7’1:|:T2:|:7’3+7’4:0. (572)

The different choices of signs select distinct regions of the locus (5.70)(that is connected).

At the locus (5.70), the relations (5.52)-(5.57) allow the X; to be non-zero and consequently
among the other fields v £ 0is permitted. When the X; are non-zero (they either all

vanish or none do), M; (i = 1,2, 3) and VU are all proportional to each other. Hence, we can
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partially fix the gauge by diagonalizing them simultaneously.”® The matrices 91; are then

determined up to a sign by (5.52), and ¥ depends on one complex scalar 1)5:

.0 - 0
M=o | with o;—+, and G— (¥ . (5.73)
0 —r 0 —3

Due to (5.55), we immediately see that X; = Z:1)3. Moreover, (5.57) says that g is an eigen-
vector of ¥ with eigenvalue 0. After the gauge fixing (5.73), this implies two possibilities
for gy and zﬁ:

% ; 0 ;
qo = (()) and ¢ = —3 or qo = ( 2) and ¢ = 3 . (5.74)

dy

Analogous considerations can be taken from the relation (5.56):
qo = <c]§ O) and 1& = —13 or Go = (O cj%) and @E = 3. (5.75)

Let us consider the case ) = —)5 (the second case is obtained from the first one by applying
the Weyl group of the SU(2) of the second node). The relation (5.53) says Giqi = 274.

We can now plug everything into (5.54), obtaining Z?Zl o;1; + 4 = 0, i.e. all the relations
are compatible with each other only over the locus (5.70). Moreover, the choice of signs o;

determines which region of the locus we are on.

Summing up, over the locus (5.70) in B,, the effective 3d theory moduli space has a new
branch parametrized by 3. The vev of the fields break the U(1) x U(2) gauge group to
U(1) x U(1), with one combination of them that decouples.

After performing a series of involved steps, which we omit here for brevity, one can verify
that, by integrating out the fields that become massive for each value of the moduli, the
resulting effective theory at the intersection of the new branch with the HB is a U (1) gauge
theory with two flavors (one from qg, o and the other from the off-diagonal elements of a
combination of 91;). This is compatible with the fact that over the locus (5.70) the surface
fiber develops an A; singularity. For example, plugging (5.71) with 4, = 7, + r5 + r3 into
(5.66) and shifting the coordinates as Y = y+ (r; +73)? and Z = z+ (ry 4 12)?, one obtains

X? = (r1 + r2)2y2 + (r + 7"3)2z2 +2(y+z+ rf +r(re +r3) — 2ror3)y z (5.76)

BThey are invertible and traceless, meaning they have distinct non-zero eigenvalues.
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that manifestly has an A; singularity at X =y =z = 0.

Also in this case, switching on the FI-term in the original theory with quiver in Figure 5.7
will produce a real FI-term in the effective theory just described, that will blow up the A,
singularity of the HB.

The effective theory has detected in this way a singularity of the sixfold along the locus
(5.70).

When p; = 0 for one of 7 € 1,2, 3, the effective theory develops a new branch beyond the
HB. Let us take 7 = 1 as a reference (the same arguments apply for : = 2, 3). In this case, I1;
can acquire a zero vev, allowing X to take any value. The new branch is parametrized by this
field. The non-zero vevs for the fields 91, 3 and qo, g, that are forced by the relations (5.52)-(5.57),
break the gauge group completely at any point in the moduli space, leaving no U(1) factor. This
indicates that, along this locus, the sixfold family develops no singularities (even though the fiber

surface exhibits an A; singularity, as can be confirmed from the equation).

There are also relevant subloci:

+ The two singular loci described above intersect at

00=0 and o} + 05+ 05 — 20102 — 20103 — 20003 = 0. (5.77)

Studying the moduli space of the effective theory over this locus in parameter space, one
discovers that the ADE surface has an A, singularity. In fact, switching on the only possible

real FI-parameter one blows up two CP"’s [21].

« The origin of the parameter space is at gy = 02 = 03 = 4 = 0. At this point, the effective
theory corresponds to a D2-brane probing a D, singularity with a T-brane background. The
blown-up CP' corresponds to the central node of the D4 diagram and has length 2.

This reveals the structure of the simultaneous resolution of the universal flop of length 2 (here
derived by analyzing the moduli space of an effective 3d theory of a D2-brane probing deformed
D, surfaces). There are two codimension-1 loci in B, where a single CP' is blown up. At the
intersection of these loci, the exceptional locus consists of two CP"’s that intersect at a single

point. At the origin of B,, the two spheres coincide, forming a degree-two CP* (see e.g. [21]).
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5.2.3 Monopole operators as D2 states

The D2-branes wrapped on vanishing spheres give rise to particles propagating in six dimensions.
The D2-branes are charged under the Ramond-Ramond C's 3-form potential. In an ADE surface

there are r 2-forms w; ¢ = 1, ..., r such that their integral over a basis of simple roots is

/ w; =07 . (5.78)

J

C3 can be expanded as C3 ~ > .7 | A" A w;, with A; a gauge field propagating in six dimen-
sions. These are background fields from the D2-brane 3d theory point of view. Given a D2-brane

wrapping a root «, its charge under the U(1) gauge group generated by w; is
qi(D2,) = / Wi . (5.79)

The simple roots are seen as linear functional acting on the space of two-forms, that is then
identified with the Cartan subalgebra of the corresponding ADE Lie algebra. The relations (5.78)

then mean that w; = o, i.e. the dual basis of the simple roots.

In [37], the authors studied the 3d theory living on the worldvolume of D2-branes probing
the ADE singularity and extending in the non-compact R? spacetime. As explained before, the
symmetry associated with the A%s is the topological symmetry in the 3d theory. In this context
[37] showed that monopole operators map to states of D2-branes wrapping vanishing spheres:
the existence of a monopole operator with charge q with respect to one «; means that the string
theory produces a D2-state with charge q under the U(1) symmetry with gauge field A’. In the
3d theory supported on the probe D2-brane (that should be distinguished from the D2-branes
generating charged states), the A”’s are background gauge fields for the topological symmetry
and the D2-brane wrapping vanishing spheres are mapped to monopole operators with the proper

charges under the Cartan torus of the topological ADE symmetry.

Now, let us come to the universal flop of length two. This has been obtained by switching
on a particular monopole deformation on the worldvolume theory of a D2-brane probing a D,
singularity. Before turning on the deformation, the topological symmetry was SO(8). The new
terms in the superpotential break explicitly this symmetry to a U(1); symmetry generated by «.

This is the topological symmetry that can be read off from the quiver of the effective theory in
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Figure 5.7. The abelianization of the gauge group has gauge group U(1) x U(1)?, with one combi-
nation of them that decouples. The topological charges of the abelianized theories are (qq, q}, q3),
that are defined up to a shift, due to the decoupled U(1). To fix the ambiguity, we set qo = 0. The
charge under the topological U(1) is q4 = qj + q3.

At a generic point of B, the effective 3d theory lacks a U(1) gauge group, resulting in the
absence of monopole operators. Consequently, we conclude that there are no charged states
coming from D2-branes wrapping vanishing cycles (the surface is smooth here). On the locus
04 = 0 there is a preserved U(1); in the abelianized theory its associated monopole operators
have charges (qo,q%,q3) = (£1,0,0) = £(0,1,1), i.e. they are the monopole operators w.,.
On the second locus (5.70), the monopole operators associated with the surviving U(1) generator
have charges (q, q3,q%) = (0, £1,0) (one needs to consider the Weyl transformed as well); they
are the monopole operators w.;. We conclude that on the first locus we have a D2-state of charge
2, while on the second locus we have a D2-state of charge 1. At the origin of B,, we have both

types of states.

Following [21], when we let all p; depend on a complex coordinate, this generates a three-
fold known as the Morrison-Park threefold [133]. Our analysis above reproduces the structure of
charge one and charge two states coming from reducing type IIA/M-theory on such a threefold
(see [21] for a review). The same can be done for fourfolds, constructed by making o; depend on

two complex variables. We leave for future work the analysis of the fourfolds.

This analysis can also be applied to CY threefold flops of / = 2. The structure of charged states
is more intricate than for the Morrison-Park threefold and it has been preliminarily analyzed for
the Laufer threefold in [97], whose results match with the types of monopole operators at the
origin of the D,-family that realize the universal flop of ¢ = 2.
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CHAPTER

D2 BRANES AT NON-TORIC THREEFOLD SINGU-

LARITIES

In the previous chapter, we analyzed families of deformed ADE singularities and their associated
universal flops from the perspective of probe branes. By studying the three-dimensional gauge
theory living on a D2-brane probing these geometries, we showed how the structure of the ADE
families can be reconstructed from the moduli space of the probe theory. In particular, monopole
operator deformations induced by the Higgs field background encode the necessary information
about the geometry for the probe gauge theory to reproduce both the smooth fibers and the
singular loci of the family. This analysis demonstrated that three-dimensional probe theories
provide a powerful diagnostic tool for understanding geometric transitions and obstructions to

resolution in non-toric Calabi-Yau backgrounds.

A natural question is whether this probe-based framework can be extended to the threefold
singularities that originate from the ADE families. In this chapter, we address this question by
considering D2-branes probing compound Du Val (cDV) threefold singularities. As we have seen
in Sections 4.2.4 and 1.4, these geometries can be viewed as fibrations of ADE surface singulari-
ties over a complex base, and therefore provide a natural generalization of the structures studied
in the previous chapter. Developing a systematic method to construct the corresponding probe
gauge theories would significantly broaden the applicability of the brane—geometry correspon-

dence beyond the toric regime.

We have already seen how D-branes probing singular Calabi-Yau geometries provide a pow-
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erful bridge between gauge theory dynamics and complex geometry. When a stack of D-branes
is placed at a Calabi-Yau singularity, the worldvolume theory is a supersymmetric quiver gauge

theory whose vacuum moduli space reproduces the local geometry of the singularity.

For toric Calabi-Yau threefolds, this geometry-gauge theory correspondence is particularly
well developed. A rich arsenal of techniques—including brane tilings, dimer models, and toric
polygons [8, 9, 137, 138]—provides explicit, algorithmic constructions of the probe brane theories.
In particular, a correspondence between toric data and brane webs gives direct access to the quiver
associated to the CY3. The key to the success of these methods is the combinatorial structure of
toric geometry, which allows one to systematically derive quiver gauge theories, compute their

moduli spaces, and verify that these spaces match the target geometry.

Progress has also been made for certain classes of non-toric singularities. Notably, Aspinwall
and Morrison [18] employed matrix factorization techniques to derive quiver gauge theories for
specific compound Du Val (cDV) threefolds, including Reid’s pagodas and Laufer’s example. Their
approach exploits the hypersurface presentation of these geometries within weighted projective

spaces, providing explicit constructions for these important examples.

However, a general systematic method applicable to arbitrary cDV threefolds has remained
elusive. Compound Du Val singularities, the threefold analogs of classical ADE surface singu-
larities, form a rich class of non-toric geometries that arise naturally in M-theory and F-theory
compactifications [18, 91, 97], where they engineer superconformal field theories in various di-
mensions. While the geometric structure of cDV singularities has been extensively studied [126,
128, 131, 132], a unified approach to constructing their probe brane theories that goes beyond

specific examples has been lacking.

In this chapter we want to present a new method for extracting the quiver gauge theory of a
brane probe, which applies to all simple threefold flops of length 1 and 2. The method stems from
what we understood probing constants backrounds, which can be summarised in the following

points:

+ Non-trivial Higgs backgrounds in Type IIA string theory on ADE surfaces realize complex
structure deformations. A D2-brane probing the ADE space reproduces in the Higgs branch
of its worldvolume effective theory. This correspondence must also hold in the presence of
a non-trivial Higgs vev, which should couple to the worldvolume of the D2 as a background

field deformation.
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+ In the mirror configuration, where the D2-brane probes a D6-brane stack, the effect is
naturally identified as a mass deformation. ® is in the background vector multiplet of the
gauge symmetry G generated by the stack of D6, seen as flavor from the D2, and couples

with the moment map for G, that is the meson matrix of the D2.

+ The mirror of the mass deformation is the coupling between the same ® and the moment
map for Gr, now representing the topological symmetry of the theory on the probe. The
mirror moment map is explicitly given in the cases that we are going to present. The com-
ponents along the Cartan of G are vector multiplet chirals, whereas simple factors are

magnetic monopole operators.

« A Higgs vev with non-trivial components along the simple factors of g produces monopole
superpotential deformations that lift the Coulomb branch, except for a Levi subalgebra (the

commutant of P).

« In the presence of diagonalizable Higgs vevs the HB geometry reproduces the deformed
ADE surface. For some special values of the deformation parameters, the surface may still
be singular. When this is the case, a CB opens up at the origin of the HB. However, the
global symmetry on the CB is determined by the profile of the Higgs for the chosen values
of deformation parameters. If the Higgs acquires components along some roots o € gp,
that is, nilpotent components, then all the shrinking 2-cycles that correspond to those roots
are obstructed, meaning that the singularity is not resolvable or only partially so. In other
words, the topological symmetry is broken to the commutant of . If the commutant con-
tains residual Cartan factors o € hg', then these will generate abelian background vector
multiplets. These vector multiplets contain a real scalar &;, whose vev produces a Fayet-
Iliopulos deformation on the D2-probe. Geometrically, the FI {; controls the Kahler volume
of the shrinking cycle a; € gp. So, the existence of the FI in the effective theory at the
origin of the HB implies that the corresponding 2-cycle can be blown up. Each FI ¢; couples

to a massless U(1) vector multiplet V; on the worldvolume through:

(&, ha; Vi) = &V (o)) = §i645V (6.2)

The Cartan factors are expanded in the base of the fundamental coweigths {c }:

(67 'Oz; = 51’]’ (6.1)
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Finally, we can conclude that each U (1) massless vector appearing at the origin of the HB
signals the presence of a 2-cycle that can be blown up by turning on the corresponding
FI. When the origin is singular but the CB has no global flavor symmetry, the Higgs field

develops a maximal T-brane, which obstructs all the shrinking 2-cycles.

in Section 1.4 we have observed how the obstructive effect of a T-brane on the resolution is trans-
lated into the monodromy properties of non-trivially fibered ADE, once we promote the Higgs
vev to a non-constant holomorphic function of a subset of spacetime coordinates. As we are going
to show, non-constant Higgs vevs produce two distinct classes of deformations on the probe: non-
monodromic and monodromic deformations®. The first case corresponds to diagonal Higgs vevs
¢ = f;(w)a}, whose eigenvalues depend holomorphically on a complex direction transverse to
the ADE. In particular, the case f;(w) = a;w with a; constant, is well understood also from the

point of view of the mirror D6 brane configuration, where it corresponds to rotating each brane

at a different relative angle 6; = arctan(|a;|), so that the stack produces a 5-dimensional intersec-
tion. This lifts the HB of the probe, as now, it can only move along one D6 brane at a time outside
the intersection locus. In the mirror, the CB is lifted since the diagonal Higgs deforms all the ADE
fibers outside the origin of the C-plane base. Fractional branes are now trapped at the origin, on
which the singular ADE develops. This effect is produced by individual mass terms for the CB
chirals ¢; of the probe theory. In our framework, they originate from field-dependent complex FI

terms:
(aigic, jha;) = djo(aipic;) = ¢j05a:p; (6.3)
Recalling that aj(h), for h € b, is the holomorphic volume of the 2-cycle S; in the ADE, we

can see that for each fractional brane &; there is an individual superpotential deformation. This
deformation is proportional to the holomorphic volume of the cycle S; wrapped by the brane.
It is easy to see that this generates a potential that vanishes only when such volume is zero,
which forces the positions of the fractional branes along the C base (i.e., the ¢; vevs) to zero.
This effect mirrors the localization of the ADE singularity at the origin of the transverse C-plane,
induced by the Higgs vev. It must be noted that non-constant Higgs backgrounds break half of
the supersymmetry on the probe brane, and it is not restored in the IR (as opposed to what we
saw in the previous chapter). This fact will have important consequences on the structure of the

moduli space of the probe.

This case is called non-monodromic because the volumes «;(a;¢;o) = ¢;a; are holomor-

2Tt must be mentioned that monodromic and non-monodromic ADE fibrations have been studied, though with a
substantially different approach in the work of [12]
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phic along the CB directions ¢;. Indeed, a diagonal Higgs produces only fibrations with total
simultaneous resolution. The most interesting phenomena occur when we consider Higgs vevs
that engineer cDV threefolds with partial simultaneous resolution. We have seen that the corre-
sponding Higgs background takes values in a Levi subalgebra L4 of the ADE Lie algebra, and the
Casimirs of L4 are holomorphic functions of the coordinate along the base of the ADE fibration.
In this work, we formulate and test a proposal for the coupling of these generalised Higgs vevs
to the D2-brane. A first important observation is that L4 always decomposes into a sum of inde-
pendent subalgebras Lo = €D,,, g, obviously preserved by the Weyl group of the full Levi. Each
independent factor has its own Casimirs, holomorphically varying along the base and vanishing
at its origin. Then, in analogy with the non-monodromic deformation, we assume that each g,,
factor in @ will couple to a g,,, moment map on the CB of the probe. The latter will involve the CB
degrees of freedom of the subsystem of fractional D2-branes wrapping the roots of g,,. Moreover,
we know that the Weyl group of each g,,, acts non-trivially on the roots of the subalgebra, whereas
the base of the ADE fibration is parametrized by the Casimir invariants. We interpret this as the
generation of a bound state among the fractional branes associated with g,,. Consequently, on
the probe, the non-constant Casimirs of the subalgebra g,,, are identified with the center of mass
position of the corresponding brane subsystem along the base of the ADE fibration. We confirm
these claims in a series of examples of simple threefold flops (with and without monodromies) of
length 1 and 2, where we show that the moduli space of the D2-probe correctly reproduces the
background. Higher length cases are left for future investigations as they require a generalization

of the monopole deformation techniques employed here to non-abelian gauge theories.

This chapter is organised as follows. In Section 6.1 we comment on the connection between
the effective theory derived on the D2-probe and the worldvolume theory of a D3-brane probing
the same background in Type IIB string theory. We argue that the moduli spaces of both theories
coincide in the limit in which the D3 becomes fully non-compact and the CB of the D2 collapses
on its origin. in Sections 6.2 we introduce toy models of 3d N' = 2 mirror symmetry, that we
extensively use in the subsequent derivations. In 6.3 we recall the main geometric data associated
with Higgs backgrounds and their relation with Lie algebra theory. In 6.4.2, we introduce non-
monodromic ADE fibrations in general and with examples (Conifold, Generalised Conifold, Reid
Pagoda). In 6.4.3 we treat monodromic cases. In particular, we rederive the Pagoda of order £,
treating it as a monodromically fibered Asj_; singularity. We finally test our method on two
interesting cases in the family of D-type fibrations. One is a simple flop of length 2. The other
is a non-resolvable D, singularity, a situation in which the T-brane background is so severe that

the threefold singularity does not admit crepant resolutions.
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6.1 D3-branes vs D2-branes probing CY3

Let us consider a single D3-brane probing an isolated Calabi-Yau (CY) threefold singularity. This
configuration geometrically engineers a four-dimensional N' = 1 supersymmetric quiver gauge
theory. Its moduli space of vacua, parametrized by the vacuum expectation values (VEVs) of the
bifundamental scalar fields, is isomorphic to the CY threefold itself, representing the transverse

motion of the D3-brane away from the singularity.

To explore the three-dimensional counterpart, we compactify one spatial dimension of the
D3-brane worldvolume on a circle of radius R and perform a T-duality transformation along this
direction. This procedure yields a D2-brane probing the same singularity, where the transverse
geometry is now effectively C'Y" x S, with the dual circle radius r o< o//R. This T-dual setup

results in a 3d A/ = 2 supersymmetric gauge theory.

The vacuum moduli space of 3d A/ = 2 theories is notoriously more complex than the 3d
N = 4 case. In theories with only four supercharges, the distinction between the Coulomb
Branch (CB) and the Higgs Branch (HB) is less rigid: such branches can be lifted by quantum
corrections, or they may intersect in a way that prevents a clear-cut separation. Furthermore, the
U(1)r symmetry, which typically helps define these branches, can mix with flavor symmetries
along the RG flow.

However, for theories possessing a well-defined UV Lagrangian, we can employ a standard
working definition: the CB is parametrized by the scalar field o in the vector multiplet together
with the dual photon ~, while the HB is parametrized by the VEVs of the matter fields.

The physical interpretation of the 3d Coulomb branch scalar differs on the two sides of the
T-duality. In Type IIB, before T-duality, the scalar o descends from the 4d photon compactified on
the circle: it is the Wilson line § A4 around the compact direction, and hence exhibits periodicity
with period set by the radius . After T-duality to Type IIA, the same scalar o parametrizes the

position of the D2-brane along the dual circle of radius r < o//R.

In the limit 7 — 0 (corresponding to the 4d decompactification limit R — o0), these two
descriptions converge to the same conclusion: the Coulomb branch is forced to collapse. On the
IIB side, as R — o0, the Wilson line becomes non-dynamical and is frozen at zero. On the IIA
side, as r — 0, the dual circle shrinks and the D2-brane position loses its physical meaning,

forcing (o) = 0. Thus, in both descriptions, the decompactification limit naturally restricts the
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3d dynamics to the origin of the Coulomb branch.

Consequently, to recover the 4d D3-brane theory from the 3d D2-brane perspective, one must
work at the origin of the Coulomb branch. This restriction isolates the Higgs branch, which
remains robust under the compactification. Notably, the tree-level superpotential W, being a
holomorphic function of the chiral matter fields, remains unaltered in this transition. While 3d
theories often develop non-perturbative superpotential contributions from monopole-instantons,

these effects vanish in the 4d limit where the Coulomb branch decouples.

In summary, the geometric information of the C'Y3 is fully encoded in the 3d theory of the D2-
brane. To systematically retrieve the 4d C'Ys moduli space from the 3d perspective, one proceeds
by first identifying the 3d theory that shares the same quiver and field content as the 4d model.
By then taking the 4d limit (» — 0) and restricting the dynamics to the origin of the Coulomb
branch, the vacuum selection is governed purely by the Higgs branch equations. Algebraically,

this corresponds to the space of solutions to the F-term equations derived from the superpotential,
MHB - {<(I)lj> |aq>ijW - 0}//G7 (6'4)

where G is the gauge group of the quiver. This quotient recovers the Calabi-Yau threefold as the
vacuum moduli space of the D3-brane, effectively completing the bridge between the 3d gauge

dynamics and the 4d transverse geometry.

6.2 N =2 3d mirror symmetry: linear quivers

To set the notation and guide the reader through the computations that will follow, we introduce

a simple case of N' = 2 mirror symmetry, which generalizes what was discussed in 2.2.4.

Theory A: Letusconsidera3d N = 2 U(1) gauge theory with N+1 flavors of positron/electron
pairs (Q;, Q;) and no superpotential. There is an SU(N + 1) x SU(N + 1) flavor symmetry that
rotates the ; and Q;, respectively. The diagonal SU(N + 1) has the moment map defined by
mesons, transforming in the adjoint of SU(N + 1)a:

M =Q:Q. (6.5)
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We can add mass deformations that break the full flavor group to its diagonal as follows:
5mW:Q.(I).©’ (6.6)

where ® is a background, non-dynamical SU(N + 1)-valued Higgs field.

Theory B: Its mirror dual, which we name Theory B, is a linear quiver gauge theory (see Figure
6.1) with U(1)" gauge group, N + 1 bifundamentals ¢;, G;, N + 1 singlets s; and superpotential
N+1

Wp = Z 8iqiGi - (6.7)

=1

On this side, we can consider adding Polonyi terms, of the form
Waiag = D5, . (6.8)

where ® is a background diagonal matrix. Equally importantly, as we will explain later, we can
add monopole terms of the form
Winon = Par W_q, (6.9)

where the notation will be explained shortly.

q G2 g3 4N—1 qn dN+1
1 < P Pra— 1
~—7T \J
a1 q2 q3 gN-1 qN gN+1

Figure 6.1: Theory B. For each node i, i = 1,..., N, there is a N' = 2 U(1) vector multiplet
V;. Square nodes denote flavor symmetries. Oriented lines between adjacent nodes represent
bifundamental chiral multiplets.

Theory B has an SU (N + 1) acting on the Coulomb Branch coordinates. In particular, Theory
B has a manifest topological U (1)} symmetry, which is expected to enhance to a SU(N +1) global
symmetry in the IR’. The moment map for Theory B is given by 1 in the adjoint of SU(N+1), with
li; = S, and the off-diagonal components are the monopole operators with charges in one-to-one

correspondence with the roots of the Ay Lie algebra associated with the topological symmetry.

3The arguments for this are solid for A' = 4. However, the ' = 2 case requires more indirect checks, such as
identifying SU (N + 1) characters in the superconformal index. [139, 140]
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Let us now fix our conventions for monopole operators. A monopole operator is specified by

an N-tuplet of magnetic charges
m = (my,...,my) € Z".

Now, we recall the results of [36, 95], that conclude that the IR R-charge of a monopole operator

w,; with magnetic charges m will be given by*

N
1
A(wg) = B Z |m; — miq] . (6.10)
i—1

The monopole operators of interest, meaning those that lead to an enhanced global symmetry, are
those with A = 1. The only possible solutions are monopoles with a single cluster of consecutive

ones, regadless of the length. So, the simple ‘length-1" solutions are following:

m = (1,0,0,...,0) (6.11)
msY = (0,1,0,...,0) (6.12)
(6.13)

m\ = (0,...,0,1), (6.14)

These monopoles correspond to the simple roots of the enhanced flavor algebra. For ‘length-2’

we have

m? = (1,1,0,...,0) (6.15)
m? =(0,1,1,...,0) (6.16)
(6.17)

m =(0,...,1,1), (6.18)

and so on up to length-(N — 2), filling out the rest of the root system of the enhanced SU (N +1).

To clarify the link between this basis of U (1)-charges, and the usual Dynkin labels for the ad-

joint representation of Lie(G), we define the following basis h = () for the Cartan subalgebra®

“This applies to a balanced Abelian quiver.
>These o* are often referred to as fundamental coweights, not to be confused with the coroots.
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ba such that

This is the appropriate language to describe monopole operators charged w.r.t. a single gauge

node. Given this, we will refer to a monopole w,, as the one charged under a* only.

Mirror map The mirror map works as follows:
M = Q,Q; +— pij V, +— B, V_+— B, (6.20)

where V.. are the monopole operators of the U(1) theory, while B = ¢1¢s...qn4+, and B =
G1G2...Gn+1 are the baryons of the second theory. The diagonal ;;; = s;, and the off-diagonal
{t;; are monopole operators pointing in the root space directions matching the meson of the A-

side.

The deformations (6.6) and (6.9) are also mapped into each other via the following identifica-

tions:

D+ D (6.21)
M, < w,, (6.22)
where M, is the A-side meson that points along the a-root of SU(N + 1).

Let us now add to Theory B N + 1 singlets 7; and deform the superpotential (6.7) to the

following one

N+1 N+1
Wp = Z 8iqiqi — Z ;i1 . (6.23)
i—1 i—1

It is a mass term for 7; and s;. Integrating them out, one obtains a zero superpotential. The new
theory will be called Theory B’.

We can obtain the mirror dual of Theory B’, that we call Theory A’, by adding the dual of the

superpotential deformation to Theory A; on this side we then get the superpotential

N+1

W=-— Z TiQ:Qi - (6.24)
=1

152



Note, that W implies the chiral ring identification

(@:qi) = (Ti) . (6.25)

6.2.1 Monopole superpotentials

The examples below will serve as building blocks for deriving the effective superpotentials of the

theories arising on D2-branes probing cDV singularities.

Building block I

Let us consider a 3d N' = 2 supersymmetric U(1) gauge theory with two flavors and with the

following superpotential that includes monopole operators:

W = o(qq1 — @G2) +w- + P(p)w, (6.26)

where P(¢) is a polynomial in ¢. This theory can be seen as a deformation of a 3d N = 2 abelian
linear quiver gauge theory with one node and without superpotential. Let us think of it as taking

the B’ theory in the language of (6.23) plus deformation.

Its mirror can be found by taking the corresponding Theory A’ and adding to its superpotential

the dual of (6.26). One obtains a U(1) gauge theory with 2 flavors and superpotential

W = -T1Q:1Q1 — T2Q2Q2 + ¢(T1 — Tv) + P(¢)Q1Q2 + Q2Q1 (6.27)

where we have also used (6.25). The fields Q, and (), are massive and can be integrated out: their

equations of motion give

Q:=T1Q; and Q) =TQ,. (6.28)

Plugging this into (6.27), one obtains the effective superpotential®

Wer = (P(¢) — T'T2)Q1Q2 + ¢(Ty — Td) . (6.29)

®We do not integrate out the massive fields 77 — 75 and ¢. The reason will become clear in the following sections.
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One obtains a U(1) gauge theory with one flavor. Its mirror dual is an XYZ model, with modified

superpotential’
Wer = X(Y Z + P(¢) — Th'To) + ¢(Th — T») - (6.30)

Building block II

Let us now consider the more generic case, i.e. a 3d abelian linear quiver with NV nodes and with

the following superpotential that includes monopole operators:

N N N
~ - 1
W= Z 0i(¢iGi — Gi+1Gi+1) + Z W_q; + (N Z ¢i> Wt ayig, - (6.31)
i=1 i=1 i=1

where, as explained previously, w_,, refers to the monopole operator with charge —1 w.r.t. to the
«; node, and zero for the others. This theory can be seen as a deformation of a 3d A/ = 2 abelian

linear quiver gauge theory with N nodes and without superpotential.

Its mirror can be found by taking the corresponding Theory A’ and adding to its superpotential
the dual of (6.31). One obtains a U(1) gauge theory with N + 1 flavors and superpotential

N+1 N N

N
W ==Y "TQ:Qi+ Y (T —Ti1) + > QinQi+ (% > ¢z’> QiQny1 - (632)
=1 =1 =1 =1

Integrating out the massive fields Q. 1, Q; with i = 1,..., N one obtains the effective superpo-

tential

N N
W = (% Z¢i - T1T2~-~TN+1) Q@41+ Z@(Ti —Tit1) - (6.33)
=1 i=1

Hence, we have a U (1) gauge theory with one flavor and superpotential (6.33). Its mirror dual is

an XYZ model, with modified superpotential

i=1

N N
1
Weg =X <Y Z + N ; Oi — T1T2-~-TN+1> + Z ¢i(T; — Tiqr) - (6.34)

"In some of the cases analyzed in the following sections, the sign in front of g2, G2 in (6.26) will be + instead of
—. In such instances, it is sufficient to replace T, with —T5.
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6.3 cDV singularities and the Higgs field

Let us recall the most important facts about Higgs field fibrations that we will use for the con-
struction of the theory on the probe.

For the A- and D-type cDV threefold that we consider in this work, the hypersurface equations
induced by ®(w) are

A, v? +y? = det(z1,1, — @)

det(z1ay 1 2) — Pfaff?(d (6.35)
D,, : $2+zy2—\/e(22+z> aff ( >—|—2foaff(<I>):0

where ® is written as a matrix in the fundamental representation of A, or D,, respectively. As
w varies, the Higgs field ®(w) takes values in a subalgebra £ of the ADE Lie algebra [19]. The
commutant H of £ — thatis, the set of elements commuting with all of £ — is an abelian subalgebra
contained in the Cartan subalgebra C.® By evaluating the roots « on elements h € H, one can
determine which simple roots are resolved: if «(h) # 0 for some h € H C C, then the root v is a
vanishing two-cycle that can be resolved in the (partial) simultaneous resolution. The subalgebra
L is known as a Levi subalgebra, since it commutes with an abelian subalgebra. This implies that
the resolution of the threefold induced by ® can be understood by identifying the Levi subalgebra
to which it belongs.

One can define invariant coordinates on the Levi subalgebra as follows: for each simple sum-

mand, choose the Casimir invariants of that algebra;’ the remaining coordinates are given by

the coefficients in the expansion of ® along the basis (o], ..., a;) of H. For example, consider
L = Agl) & A?) @ («}). For a generic element & € L, we have: (i) invariant coordinate
01 = 3Tr(®3}) for the first A; summand, (ii) invariant coordinate g, = $Tr(®3) for the sec-

ond A; summand, and (iii) invariant coordinate o3 (coefficient along «}) for the U(1) part. A
generic ® € L can then be written as ®(o1, 02, 03), and specifying a base change o; = fi(w)
gives a specific cDV threefold. The sphere associated with a; may return to itself after travers-
ing the loop. In this case, it extends globally as a holomorphic cycle in the threefold and can
be resolved. Alternatively, the sphere may undergo monodromy, mixing non-trivially with other
spheres as we encircle w = 0. In this case, it does not lift to a globally well-defined holomor-

phic curve in the threefold. Geometries in which some spheres exhibit the latter behavior are

8The reason for this is traced back to the M-theory origin of the field ® and it is explained in [19, 25].
For an A,, summand, an element g € A,, has invariant coordinates ox, = Trg.
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referred to as monodromic cDV threefolds, while those in which all spheres behave as in the for-
mer case are called non-monodromic [12, 89]. The resolution pattern is thus encoded in a colored
Dynkin diagram: white nodes correspond to resolvable roots (globally defined spheres), while
colored nodes correspond to non-resolvable roots (spheres undergoing monodromy). Connected
subdiagrams of colored nodes correspond to simple summands of the Levi subalgebra L. Alge-
braically, this structure is encoded in the Higgs field ®(w): a root « is colored if and only if ®
contains off-diagonal components—the step operators e,—beyond just Cartan elements. For ex-
ample, ®(w) = e, + o(w)e_,, contains step operators, indicating that « is colored and undergoes
monodromy. In contrast, ®(w) = po(w)a* lies purely in the Cartan, indicating that « is white

(resolvable).

6.4 D2-brane probing a cDV threefold singularity

The main point of this work can be summarized as follows. The (undeformed) ADE surfaces
appear as the Higgs branch moduli space of the three-dimensional N = 4 worldvolume theory
on a D2-brane probing an ADE singularity. By deforming the ADE surface along an additional
complex direction in spacetime, one obtains a cDV threefold. We show that this cDV threefold
can be reproduced as the Higgs branch moduli space'® of a 3d N = 2 theory obtained by a suitable

superpotential deformation of the D2-brane worldvolume theory.

The technical core of our construction is the systematic treatment of these superpotential
deformations through mirror symmetry and ungauging, ultimately yielding an effective theory
with polynomial superpotential whose Higgs branch reproduces the cDV geometry. As discussed
in the introduction, upon decompactification this 3d theory flows to the 4d A/ = 1 gauge theory
engineered by D3-branes probing the same cDV singularity.

In order to derive the 3d N' = 2 worldvolume theory on D2-branes probing cDV threefold
singularities from the geometric data encoded in the Higgs field ®(w), we adopt the following
three-step strategy:

1. Start with the 3d N = 4 quiver for a D2-brane probing the ADE surface singularity.

Throughout the paper, when referring to the Higgs branch of the 3d A/ = 2 theory, we implicitly mean the
branch that matches the moduli space of the corresponding 4d worldvolume theory on a D3-brane. As discussed in
Section 6.1, the D2-brane description arises from compactifying the D3-brane on a circle; the additional 3d Coulomb-
branch directions associated with the circle are frozen when identifying the geometric moduli space.
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2. Deform the superpotential using ®(w).

3. Integrate out massive fields to obtain the effective IR theory. The Higgs branch moduli space
of this 3d theory reproduces the probed cDV threefold. Upon decompactification to 4d, this

theory flows to the worldvolume theory of a D3-brane probing the same singularity:.

For non-monodromic fibrations (all roots resolved), ¢ belongs to the Cartan subalgebra and in-
duces a simple deformation. For monodromic cases (colored nodes), ® contains nilpotent elements

that induce monopole operators in the superpotential.

6.4.1 D2-brane probing an ADE singularity

Our starting point is the worldvolume theory on a D2-brane probing an ADE singularity, reviewed

in greater detail in Section 2.2.

¢7"+1

o q2 b9 q3 dr—1 Or_1 qr b

Figure 6.2: A, theory. For each node i, i = 1,...,7 + 1, there is a ' = 4 U(1) vector multiplet
V; containing a N/ = 2 vector multiplet and an adjoint chiral ¢;. Pairs of oriented lines between
adjacent nodes represent bifundamental hypermultiplets (g;, G;).

The quiver has the shape of the affine Dynkin diagram of the corresponding ADE Lie algebra
[2]. The nodes of the quiver correspond to fractional D2-branes; the gauge group at each node
is U(n;), where n; is the dual Coxeter label of the i-th node in the associated Dynkin diagram.
Each pair of arrows connecting the nodes in the quiver is a bifundamental hypermultiplet. As an

example, Figure 6.2 illustrates the A, quiver. In this case, the gauge group is ([[}_, U(1)) /U(1).
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The vector multiplet chiral fields ¢; are coupled to the hypermultiplets (g;, ¢;) via the N' = 4

superpotential
r+1

W= Z(¢z — ¢i-1)4iGi; (6.36)
i=1
with ¢g = ¢,1. There is also a D-term potential that produces the D-term relations

]qi|2 + |C]i_1\2 — |C]i‘2 — |Qi—1|2 =0 1=1,...,r. (6.37)

The A, theory features r triplets of FI-parameters: the triplet can be separated in a complex FI-
parameter that appears in the superpotential, and a real one that modifies the relations (6.37); these
can be regarded as mass parameters (i.e., background vector multiplets) for the U(1)}. topological

symmetry.

Aswe said above, for N' = 4 quiver gauge theories, monopole operators and the scalar fields ¢;
can be assembled into the moment map p for the topological symmetry. 1 is object transforming in
the adjoint representation of the Lie algebra G. Under mirror symmetry, the A, quiver is mapped
to a U(1) gauge theory with r + 1 flavors that has a manifest SU (r + 1) symmetry, with moment

mirror

map f;; = Ql@j. As we discussed above, mirror symmetry maps the moment map p of the

mirror

original theory to the moment map u in the dual theory.

6.4.2 Non-monodromic ADE fibrations

The theory of a D2-brane probing the threefold singularity X can be viewed as a deformation
of the theory describing a D2-brane probing the corresponding ADE surface singularity. This
deformation is governed by the background Higgs field ®(w), which is non-dynamical from our
3d point of view and should not be confused with the dynamical adjoint scalars ¢; in the quiver

gauge theory.

Fractional branes and holomorphic volumes

To understand the superpotential deformation, we first recall the classic result of [12] (building
on earlier work [141-143]). Consider D5-branes wrapping 2-cycles in a fibered ADE geometry
over a base C,,. In the absence of background fields, the D5-branes give rise to an A = 2 gauge
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theory with FI parameters «; equal to the holomorphic volumes of the wrapped 2-cycles. When

a non-trivial fibration is introduced a superpotential is generated in the worldvolume theory.

The key observation of [12] is that the BPS tension of domain walls, computed by integrating

the holomorphic three-form €2 = w A dw over a three-chain, determines the superpotential:

W(p) = /@ a(w) dw , (6.38)

where ¢ is the scalar field parametrizing the position of the fractional brane along the base, and
a(w) = [g () W 1 the holomorphic volume of the wrapped cycle at position w. Here w denotes
the holomorphic (2, 0)-form of the ADE fiber. This formula implies that

ow

a_Qb = a(¢) ) (6-39)

i.e., the derivative of the superpotential reproduces the holomorphic volume of the wrapped cycle

at the brane’s position.

Conversely, if one wishes to engineer a gauge theory with a specified superpotential W (¢) =
P(¢), the fibration must be chosen such that a(w) = P’(w). This establishes a direct dictionary
between the geometric deformation of the ADE fiber and the superpotential of the gauge theory.

In our setup, fractional D4-branes (arising from the D2-brane probe splitting into components)
wrap the vanishing spheres associated with each simple root «; of the ADE Dynkin diagram.
The Cachazo-Vafa formula (6.38) will guide our construction of the superpotential deformation
induced by the background Higgs field ®(w).

Deriving the deformation from ¢ (w)

We now show how the geometric data encoded in the Higgs field ®(w) reproduces the Cachazo-
Vafa superpotential deformation (6.38).

For balanced quivers (where each node has rank N; and 2N; flavors), consider isolating a sin-
gle fractional brane at node i together with its 2/V; hypermultiplets. This subsystem supports
a U(N;) gauge group with N/ = 4 supersymmetry. The Coulomb branch of this subsystem
possesses an SU (2) flavor symmetry—distinct from the SU(2N;) flavor symmetry acting on the
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Higgs branch—which corresponds to the su(2),, subalgebra of G generated by

(Cais e—ais ha; = [€azs€-ay])-

The background Higgs field ®, which transforms in the adjoint representation of G, couples to
the fractional brane worldvolume theory through the moment map /i, associated to this Coulomb
branch flavor symmetry s1(2),,. In the non-monodromic case, where ® lies entirely in the Cartan
subalgebra, this coupling involves only the Cartan part of ji,,, namely ¢,,h,,, where ¢,, is the

scalar field parametrizing the position of the fractional brane along the base.

The Higgs field admits a polynomial expansion

k
O(w) => ', (6.40)
/=0

where the brane’s position in the base is w = ¢;. The coupling between ®(¢;) and the moment

map generates an induced superpotential in the worldvolume theory:

k k
¢
5Wizze+1ﬁ(@€aﬂai>:Zg_i_l’%(q)@vhai)7 (6.41)

where k denotes the Killing form. The factor (¢ + 1)~! is chosen precisely to satisfy the Cachazo-
Vafa condition (6.38):

k

OOWi ™ t (Dy, o) = 1 (D(6) ) = a1 (B(61)) (6.42)
(=0

d¢i

where in the last step we have used the normalization of the Killing form for ADE algebras,

k(ha, hg) = a - f.

This has a clear geometric interpretation: at a given value w in the base, the holomorphic vol-
ume of the sphere «; in the deformed fiber is a;(®(w)). Since the fractional brane wrapping «; sits
at position w = ¢;, equation (6.42) correctly reproduces the holomorphic volume, in agreement
with [12].
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In the following, we examine some well-known examples and verify that the proposed defor-

mation indeed reproduces the expected geometry in the moduli space.

Example 1: Conifold

We start with the easiest and famous example, the conifold given by the hypersurface

w = 2% —w?. (6.43)

This threefold can be regarded as a family of deformed A, singularities, where w is the defor-

mation parameter. The corresponding ®(w) is the following 2 x 2 matrix [25]

d(w) = (gj _Ow> = 2wa’” . (6.44)

Plugging this into (6.35) one reproduces correctly (6.43).

Let us probe the conifold singularity by a D2-brane. According to what we have said in this
section and due to the formula (6.41) (with ¢/ = 1), the resulting theory is the A; quiver gauge

theory deformed by
W = La(@(0) = 5 (649)
W = —Za(@(62)) = 03 (6.46)

Here we have used that the fractional brane corresponding to the extended node in the affine

Dynkin diagram is wrapping as = —a.

Now, let us consider the complete deformed superpotential:

W = (¢1 — $2) (11 — o) + 67 — 95 = ¢—(1G1 — @G + D) (6.47)

where we have redefined ¢ = ¢1 —¢2 and ¢, = ¢1+¢@2. Notice that this deformed superpotential
for the conifold was already introduced by Klebanov-Witten [88], as noticed in [12].

The fields ¢ are massive. Integrating them out, we get a quiver gauge theory, with the A;

quiver and zero superpotential, i.e., we obtain exactly the theory of a D-brane probing the conifold.
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We have verified that the moduli space reproduces the conifold geometry. This confirms our
prescription (6.40) in the simplest case where ® contains only linear terms. The next examples

will test the method for higher-degree base changes.

Example 2: Reid’s Pagodas as a family of deformed A; surfaces
Let us now consider the following three-fold, known as Reid’s pagoda:
w = 2% — w? . (6.48)

This is again a non-monodromic A;-fibration (that reduces to the conifold for £ = 1), whose

corresponding Higgs field is

o0
d(w) = (w k) = 2uwka*. (6.49)
0 —w
This induces the superpotential deformations
$1 2 k41
oW, = P = ——¢" 6.50
|41 it 104( (¢1)) 1t (6.50)
¢2 2 k
Wy = — iy =———g5t". 6.51
2 jan 104< (¢2)) L1172 (6.51)
We obtain, then an A; quiver with the superpotential
- . 2 2
W = (1 — 62) (141 — @2G2) + 7" — S (6.52)

k+1 k+17°

This superpotential appeared in [12, 89], and we will rederive it in the following in a different
way, by considering Reid’s Pagoda as a family of deformed A,;_; singularities (by exchanging
the roles of z and w in (6.48)).

Let us check that the F-term moduli space is the CY threefold (6.48). The F-terms are

Op W =0 Q141 — G2 + 295 = 0

Dg,W =0 G141 — G202 + 295 = 0 (6.53)
O, W =0 (61— ¢2) G =0 1=1,2

05 W =0 (¢1 — ¢2)qi =0 1=1,2
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The solutions are given by ¢y = ¢ = ¢ and ¢2G2 = q1G1 + 2¢". The moduli space is then given
by defining gauge-invariant combinations and finding the relations they need to satisfy. Here we

have the following four gauge invariants (plus the field ¢):

U= qqo, V = qgo, X1 = qua, Xo = q2go (6.54)

They satisfy the obvious relation U V' = X; X,. Imposing the relation coming from the F-term,
ie. Xo = X| + 2¢*, we have

UV =X (X1 +2¢%), (6.55)

that can be brought in the form (6.48) by redefining the coordinates as X; = Z — ¢*.

Notice that ¢ plays the role of w. At a generic point of the moduli space ¢; = ¢ = ¢, i.e., the
fractional branes move (as a bound state) away from the origin at w = ¢, that is consistent with
the interpretation of the theory of D-branes probing an ADE surface singularity fibered over the

complex plane C,,.

This example demonstrates that our method correctly handles polynomial base changes o(w) =
w”. Notice that the effective superpotential now contains terms ¢**1, reflecting the degree of the
base change. We will revisit this geometry in the next section from a different perspective (as a

monodromic Ay_1 fibration).

Examples 3: Generalized conifold

The final example of non-monodromic fibration that we consider is the following hypersurface

equation
w = z(z —w)(z+w). (6.56)

This is a family of A, deformed singularities.

The corresponding Higgs field is

d(w) = —w =w(20] — a3) . (6.57)



The induced superpotential deformations are

Wy = Dan(@(61) = 67, (6.59)
W = Zau(@(6)) = —53. (659
Wy = L (an(B(6n)) + a(®(69)) = 363 (6.60)

We then obtain the A5 quiver with the following superpotential

3

W = Z(¢z — $i-1)¢Gi + 7 —

i=1

1 1
Lo 1ai. (661

This is the same superpotential found in [12]. By simple computations, one shows that the result-
ing moduli space reproduces the geometry (6.56), with ¢1 = ¢o = ¢3 = ¢ that correctly plays the

role of w.

Unlike the previous A; cases, this example involves multiple roots, showing how different
fractional branes couple independently to different components of ®. The next section addresses

the more challenging monodromic cases where ® contains off-diagonal terms.

6.4.3 Monodromic ADE fibrations

In monodromic fibrations, some curves of the fiber do not give rise to holomorphic curves in the
total space of the threefold. This data is encoded in a colored Dynkin diagram. We color the nodes

of such curves, and leave blank those that will be small-resolvable curves in the threefold.

In terms of our Higgs field language, the way we will achieve this is by selecting a Levi sub-
algebra of the semi-simple Lie algebra (see appendix C for two brief definitions). The Higgs field
will take non-zero entries along this Levi. Graphically, this is encoded as follows: Connected
subdiagrams of colored nodes are the Dynkin diagrams of the simple summands of the Levi (see

Figure 6.3).!112

These diagrams involve the exceptional node of the original Dynkin diagram only when the corresponding Levi
subalgebra is maximal within the original Lie algebra (or within one of its maximal subalgebras).

12In this paper, we primarily focus on cases where the coloring does not involve the extended node of the affine
Dynkin diagram. This node corresponds to a bound state of the (anti)-fractional branes wrapping the simple roots
plus an integral D2-brane. There also exist cDV Calabi-Yau threefolds in which the coloring involves the extended
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These connected subdiagrams are related to subquivers of the original ADE quiver, whose

symmetry in their CB is given by the Levi summand.

(a) (0) (¢)

Figure 6.3: Graphic representation of partial simultaneous resolutions. Colored nodes correspond
to obstructed 2-cycles. Colored subdiagrams are identified with the subalgebras that compose the
Levi subalgebra associated with ®. Here we show examples of simple flops of length 1, 2, and a
non-resolvable D, singularity. (a) The colouring of the A3 diagram corresponds to the choice of
Levi Lo = Aﬁ” ® A§3) @ (a3). (b) D, diagram. Coloring corresponds to L = Aﬁ” o) A?) EBA?) ®
(a}). (c) Non-resolvable singularity. Here Lo = Ago) ® Agl) @ Agz) ® Agg)

In physical terms, given a choice of a ®-background that generates a monodromic fibration,
a probe D2-brane will see this as a superpotential deformation in the following way: For each

summand of the Levi subalgebra, we introduce a superpotential term given by

W = (@ (o), 1) (6.62)

Here, 1 is the moment map of the symmetry generated by the Levi summand in the CB of the cor-
responding subquiver. In the superpotential deformation (6.62),  depends on ¢.,, = w% S b
that is the scalar controlling the motion of the center of mass of the fractional branes. Our claim is
that the colored connected nodes must be treated together, as if the fractional branes were bound

together by the non-zero ®-background.

The extreme case is when all simple roots are colored, i.e., the Levi subalgebra coincides with
the full ADE algebra. When this happens, the resolution of the threefold contains no holomorphic
spheres. As a consequence, type IIA on this threefold does not admit fractional branes. The
ordinary D2-brane, however, remains, and its U (1) gauge group must be preserved. This U(1) is

naturally associated with the extended node of the quiver.

Let us consider the simplest example in order to illustrate the mechanism explicitly. First, we

nodes. In this case, the corresponding linear combination of exceptional cycles ceases to define an independent curve
in the threefold. Equivalently, this introduces a relation among the simple roots, thereby eliminating one exceptional
cycle from the resolution of the threefold.
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put the D2-brane on A; x C. The worldvolume theory is the quiver gauge theory in 6.4.

q1
o1 O2
q2

Figure 6.4: A; theory. The N = 4 superpotential is given by 6.36 with r = 1.

Then, we consider the following Higgs field:

0 1
b = ( ) =€, Fwe_g, (6.63)

w 0

The corresponding Levi subalgebra is the A; algebra itself. The threefold equation is uv = 2% —w,

ie. itis C3.

According to what we have written above, this ¢ generates the following superpotential de-

formation

SW = k(®(¢)jta) = woo + brwa  where  pa=[ O (6.64)

W_q _¢1
To deal with quivers with monopole superpotentials, one follows the prescription in [37]: one
isolates the abelian node relative to w4, by ungauging the adjacent U(1); in our example, this
amounts to ungauging the extended node. The isolated theory can then be coupled back to the

rest of the quiver by gauging a subgroup of its flavor symmetry.

q1
®1 05 o3} _
q2, 42
O ) — O :
v lev‘]l
q2

Figure 6.5: A; theory. Ungauging of the affine node.
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For the isolated (balanced) node, the theory is a 3d A/ = 4 supersymmetric U(1) gauge theory

with two flavors, and deformed superpotential

W = 011G — @2G2) + W_g + 1w, (6.65)

i.e. we obtain the Building Block I in Section 6.2.1. The effective theory has no U(1) and a super-

potential

WS = X\(NMZy+ ¢ — TTe) + 60 (Th — 1) . (6.66)

We now gauge the U(1) of the node 2 back and obtain a U(1) gauge theory with a given

number of singlets and superpotential
Wer = X0(Y1Z1 + ¢ — ThT2) + (91 — ¢2)(Th — 1) - (6.67)

One can make a field redefinition (¢1, ¢o, T1, To) <+— (A, B, T, T_) in the following way: A =
o1+ Y121 — 11Ty, B = ¢1 — @9, Ty = T1 £ T5. The superpotential can then be written as

We = XA+ BT . (6.68)

Hence, X, A, B, T_ are massive, and we can integrate them out.

The final theory has a quiver with one node and three loops, namely the quiver whose moduli
space is C3, in agreement with the @ in (6.63). The node corresponds to the D2-brane that probe
C?3 (originally it was the extended node of the A; affine Dynkin diagram).

T,

Z

Figure 6.6: C? theory.

In the next sections, we study interesting monodromic cases.
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6.5 Reid’s pagodas

1 1 1 1 1

Figure 6.7: Ay, partial simultaneous resolution

We now return to Reid’s Pagoda, studied earlier in Section 6.4.2 as a non-monodromic A fibration.
Here we re-analyze the same geometry from a different perspective: as a monodromic Asy_q

fibration where most nodes are colored. This provides a highly non-trivial check of our method.

The defining equation of the Reid’s Pagoda is
w = 2% —w? . (6.69)

This is the same equation as (6.48), but with the roles of z and w exchanged. The equation (6.69)
can be seen as a Ay,_; singularity deformed at w # 0. It is already known that the resolution
of this manifold contains a single exceptional sphere. This immediately implies that most of the
nodes in the Asj_; Dynkin diagram must be colored. Indeed, the corresponding colored Dynkin

diagram is shown in Fig. 6.7. The associated Levi subalgebra is
L= {ap)d Ay & AF, (6.70)

and the Higgs field takes the following block diagonal form

o = <q>+ q)) (6.71)

168



with the two blocks given by

0 1 0 0
0 0 1 . :
o= : . . - ol (6.72)
0 0 0 1
+w 0 0 0
ie.
k—1 2k—1
d(w) = Z Cam T WE_gi—. —ap , + Z Cam — WE_qy 1~ .. —asy_; - (6.73)
m=1 m=k-+1

We notice that ® has no component along a;.

Following the algorithm outlined in Section 6.4, the superpotential deformation splits into two

distinct contributions, each associated with a simple summand of the Levi subalgebra:

k—1 2k—1
oW =k (cb (ﬁZ%) : m) + 5 (cb (ﬁ > %) : uR>
m=1 m=k-+1

k—1 k—1
1
= W_q,, T T—1 E (bm Wy +..4ap_q + (674)
m=1 m=1
2k—1 2k—1
E 1 §
+ w_am, - k—1 ¢m w+ak+1+...+a2k,1

We see that each block of ® produces a deformation like in Building Block II, see (6.31). It is
then easy to obtain the effective potential by applying the ungauging/gauging procedure of [37]
and using Building Block II in Section 6.2.1. We obtain a quiver with two nodes (that originally
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b6

G 1 q3 43 Ga Qa ds 96

q2 ds

o1 2 gy o B g5

Figure 6.8: Example with k=3. Ungauging of the two Levi blocks.

corresponded to the root a;, and the extended node) depicted in Fig. 6.9 and superpotential

k—
Weg =X (YLZL %Z m—T1Ty... )

2h—
+Xr | YrZRr — = Z — Tk:+1Tk:+2-~-T2k> (6.75)
—kt
2%k
+ Z d)m(Tm Tm—i—l)
m=1

where we have also recoupled the fields ¢ and ¢of, (Tor1 = T1).

Looking at the superpotential (6.75), we notice several mass terms. In particular the F-terms
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YL Yr

Figure 6.9: Quiver for effective .

for ¢;’s imply the following relations

T = Ton1 — 75 X1, Ty =T, — 2X, m=1,.k—1
Tiim = Thpms1 + 75Xk R Thym =Tor + 5=2Xp m=1,.. k-1
Thr1 = Ty, Top + Xp =1
Ty =Ty Ty — Xp =T
(6.76)
that can be solved as
Ty = ST + L5 Ty, j=1,...k—1
T = S22 T + LTy j=0,...k—2 (6.77)

X, =Xp =T, — Ty

Integrating out the 4k massive fields X, Xz, 11, ..., Tp—1, Tks1, -y Lok—1, P1, ..., P2k, We Ob-

tain

kk—1
Weff e (Tk — T2k) <YLZL + YRZR — 2 (m) [j Tk + (k _j - ].>T2k]>

= (T, — Tor) Y21, + YrZr — Qr(Ty, Tox))
where Q(T,T) = 2T*.
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We are now ready to compute the classical moduli space. The F-term equations are

OpWe Y21, + YrZp — Qu(Tk, Tox) — (T — Tor) Oy, Qe (Ty, Tor,) = 0
Or, Wesr Y21, + YrZp — Qk(Tk, Tor) + (T, — Tok )01, Qi (Th, Tox) = 0 (6.79)
6ineff . Zz (T’/€ — Tgk) =0
0z Wes - Y, (T, —Tox) =0
These equations imply T}, = Ty, = T and
Y. 2.+ YrZr —2TF =0. (6.80)
Let us write down the hypersurface equation. The gauge invariants are
A1 = YLZLa AQ = YRZR, Bl = YLZR, BQ = YRZLa (681)
with relation By By = A; As. Using (6.80), one obtains

By redefining the variables as By = u, By = v, T = 2, A1 = —w + 2* one obtains the defining
equation (6.69) of the kth Reid’s Pagoda

If we consider the F-term equations for the fields 7;’s and X, Xy implied by (6.75), we see
that on the vacuum the fields ¢,’s satisfy

k—1 2k—1
Gh=0u =15 Om=77 Y Sn=uw. (6.83)
m=1 m=k-+1

We can then correctly conclude that in a generic point of the moduli space, the branes recombine
into a normal brane; moreover, their location in the w-plane is given by the vev for the corre-

sponding fields ¢;.

We have derived the quiver and superpotential for a D-brane probing a Reid’s Pagoda threefold

singularity by interpreting the threefold equation either as a non-monodromic family of deformed

B3The last two equations seems to allow a branch with Z; = Y; = 0; however, the first two homogeneous inde-
pendent equations in Ty, T5, would give Tj, = T, = 0.
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A; singularities or as a monodromic family of deformed Asj_; singularities. In both cases, the
resulting quiver is the same. Although the corresponding superpotentials take different forms,

they generate the same ideal of F-term equations.

6.6 Simple flops of length 2

In this section we consider the effective theory on the worldvolume of a D2-brane probing three-
folds which admit a simple flop of length 2. The singularity has an exceptional locus given by a
single CIP!, analogous to the conifold, but—unlike the conifold—it does not admit a toric descrip-
tion. A key distinction with the conifold is the so-called length invariant ¢, which (for simple
threefold flops) measures the multiplicity of the exceptional CP' in the contraction.'* For the

conifold ¢ = 1, while in the present example we have ¢ = 2.

6.6.1 The geometry and the Higgs field

The threefold flops of length 2 are one-parameter D, families, and hence belong to the class of
threefolds we are considering in this paper. They are described by the colored Dynkin diagram

in Figure 6.10. The associated Levi subalgebra is

Figure 6.10: Length 2 flop from the family of deformed D, singularities. In this construction length
2 flops are three-dimensional cuts in the family of deformed D, surfaces with small irreducible
resolution.

L£L=A"a A g Al @ () (6.84)
The Higgs field is [19, 56]

O = €y + 01€—q; + €as + 02€_q, + €as + 03€—as + 940-/2((1 s (685)

“More precisely, if the local blowdown 7 : X — Y contracts the CP', then T, (Opt) = Ogﬁl.
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where p; are the invariant coordinates of the Levi subalgebra. The threefold with a flop of length
2 is obtained by the choice of a base change o; = p;(w), that makes the partial invariant g; depend

on the coordinate w.

Written in matrix form, the Higgs field is [19, 25]

oo 1 0 O 0 0 0 0
oo o4 0 O 0 0 0 0
0 0 0 1 0 0 0 1
B(w) = 0 0 03 O 0 0 -1 0 (6.86)
0 0 0 0 |—-o4 —01 O 0
0 0 0 0 |—-1 —o4 O 0
0 0 0 —p| O 0 0 —ops3
0 0 0 O 0 0 -1 0

We now specialize to a class of threefold flops of length two that were studied in [19]. and

that is obtained by the following base change [19]:

o1(w) = crw, p2(w) = cow, p3(w) = csw, ou(w) = cqw. (6.87)

The defining equation can be obtained by plugging (6.85) and (6.87) into (6.35). When we will
need a reference example in the family, we will take ¢; = 4, ¢c; = ¢3 = 1 and ¢4 = 2; in this case,

the defining equation takes the following form:
? + 2y — (2 + 4w) (162 w” + (2 + 4w — 4w*)?) = 0. (6.88)

By construction it is a one-parameter family of deformed D, singularities. There are four point-
like singularities: at the origin, where the fiber has a full D, singularity, and other three points,

where the fiber has an A; singularity.
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6.6.2 Probing the threefold by a D2-brane

Figure 6.11: D, quiver gauge theory.

Let us begin from the superpotential of the D, quiver:
3 . 3
w=3 T [\ph@h@] =S 6 hOn®, (6.89)
=0

=0

where (9, ﬁ(i)) are bifundamental hypers coupled to the vector multiplets associated to the

nodes in 6.11. ¥ and the ¢;’s are the adjoint chirals of the vector multiplets.

Following the algorithm outlined in Section 6.4, the superpotential deformation generated by
the ®(w) in (6.85) splits into five distinct contributions: three are associated with the three simple

summands of the Levi subalgebra, the other two are due to the diagonal ®-component:

SW =W + W + 6Ws + 6Wy + 6W, (6.90)
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with

Wi =k (P (1) , p1) = w—q, + 01(P1)Wa,
OWa =k (D (d2) ; p2) = w_a, + 02(P2)Wa, ,
W3 =k (P (¢3) , p3) = W_oy + 03(¢3)Was , (6.91)
oWy =3Tr [Uk (ha,, (V)] = 3Tr [Ty (P)] ,
Po

oWy =5k (Pagy, ®(¢0)) = —do0a(do) -

We now derive the effective superpotential. We ungauge the central node of the quiver. After

doing this, each colored node supports an abelian theory with monopole superpotential
W; = —¢i(hy (@) l) - h h ) + W_q, + 0i(Pi)Wa, (6.92)

Following the computation done in Section 6.2.1 (Building Block I), the U(1) disappears in the
effective theory and we obtain an effective local superpotential

Wers = Xi(Yi Zi+ 0i(6s) — TOTY) — (T + 1)

= —X; (detM; — 0;(¢)) — ¢ TrMN;
G
with I; = (T S?’))
7, Ty

We now re-gauge the central node symmetry and we obtain the quiver in Figure 6.12 with

(6.93)

superpotential

3
W = Zl Te [w (90 + KORO) | = 6o AORO

3

- Z (X (det M — 0i(¢4)) + G TeI] + 3 Tr [Wou (V)] — pooa(o)

i=1

(6.94)
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pRy
o
£

(0)

6\
My

Figure 6.12: Quiver of the effective N' = 2 theory that emerges in the IR, when monopole defor-
mations of 6.91 are turned on. Singlet chirals (¢;, X;) are not represented in the quiver but they
couple to the theory through the superpotential.

In the specific example (6.87), this superpotential becomes

3
W = 2 Te [w (90 + KOR®) | = 6o AR

, (6.95)

— Z [Xz (det mz - CZQZ52) + qbZTr?Jﬁz] + %TI'\IIZ - C4§Z§g .

=1

We can integrate out the massive fields ¢; and X; (« = 1, 2, 3), by using their F-term equations:

GXjWeff =0: ¢j = —CL det mj
! (6.96)
aqg].Weff:O: Xj = %Trm]
We obtain the effective superpotential:
3 ~ ~
Wer =3 Tr [qf (sm + h<0>h<0>)] — o hO RO
=t (6.97)

3
+3 [CliTri)ﬁi det zm} + ST — oy6R

i=1

whose fields are represented in the effective quiver in Figure 6.12. We claim that these are the
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quiver and the superpotential of a D2(D3)-brane probing the threefold we are analysing in this

section.

We are now ready to work out the moduli space. For convenience, let us first write

M, = ¢, 1+ 95?1 and U = ¢41 + U with Tr95?i =Tr¥ =0. (6.98)

The relations that one obtains from the superpotential (6.97) are:

OgWeg =0 ism +hOO 4w =0
i=1
O, Wer =0 = W — 2200 = 0
O Wer =0+ ¢a+ i] <3t§ — %Triﬁt?) =0 (6.99)
OpWer =0 RORO 4 2¢,0
FroWer =0 : (U —gol)h®
DoWer =0 O (U = ¢l)

Here we have also used the fact that det 9; = —%Triﬁ??.

There are no solutions to these equations, unless® U =0andt; =0 (i = 1,2,3). We are then

left with ; )
ngnz + hOFO) 4 capal =0, o = Py = _det n; . (6.100)
i=1

Cj

In [56] (in Section 5.2.3), the authors considered a set of relations formally identical to these.
Following their steps, one readily finds that the moduli space of the effective theory coincides

with the threefold given by equation (6.88). Let us briefly sketch the derivation below.

The moduli space si parametrized by ¢, and the gauge invariants build up from h(%, h© and

If all t;’s are non-zero, the M;’s are all proportional to ¥ with proportionality factor depending on t; and c;;
hence also Trfmz2 depends on ¢; and c¢;. For generic ¢;’s one cannot solve both the~ third and the first relations. The
same is true if some ¢; is non-zero. Hence, all of them must vanish, and then also ¥ must be equal to zero.
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the traceless matrices 9t;. One chooses as a basis of gauge invariants
Ai =Tr [moffnz} y B=Tr [moghjtggjtg} s (6101)

where we have defined 91, = RO RO,

The invariants A;, A, Asand B are notindependent, but A, Ay, Aj satisfy the linear reation
> A= -2¢3¢] (6.102)

and they are also related to B by (see Appendix A in [56])

A1 Ay Ay = — B? 4+ 2Bcyds( Ay + da(Cia + 1 — e — ¢3)) (6.103)
— Pa(caAs + c3A2) (A1 + 203@3) - ¢4A2A3(Ci¢4 +c) — 401210203@1; .

From now on, we set ¢; = 4, ¢co = ¢3 = 1 and ¢4 = 2 as above. We write A, in terms of
As and Aj by using the first relation, and make the following redefinition of the gauge invariant

coordinates:

A = s (y+z—4dw(w—-1)), (6.104)
Ay = L(—y+z—dw(w-1)), (6.105)
B = —iz+2w(z+2w), (6.106)
by = w. (6.107)

Plugging these redefinitions into equation (6.103), with the chosen values of the ¢;, we obtain the

defining equation (6.88) of the threefold under consideration.

6.7 D2-brane probing a non resolvable cDV singularity: the
(As, Dy) three-fold

In this section we will apply our techniques to determine the effective theory of a D2-brane prob-

ing threefolds with an isolated singularity that do not admit a crepant resolutions.
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6.7.1 Geometry and Higgs field

Let us consider the one parameter D, family, also known as'® (Az, D,), given by the equation
Pz A+ wt =0 (6.108)

This threefold was studied in [26, 27] with the techniques of [19, 24, 25], so we have the cor-
responding Higgs field ®. As explained in [26], ® belongs to a maximal subalgebra of the Levi
subalgebra. In this case the Levi subalgebra is the whole D, Lie algebra, consistently with the fact
that one cannot blow up any two-sphere. If & were a generic element in £ = D,, the threefold

would be smooth. Instead in this case,
deM=A" oA A q¢A™ crL=D,, (6.109)

where o corresponds to the extra node in the extended Dynkin diagram (see Figure 6.13).

Figure 6.13: Non-resolvable singularity. The coloring of the diagram signals the obstruction to
the resolution of all the linearly independent 2-cycles.

This choice of M ensures that at w = 0, the singularity is isolated but non-resolvable.

The Higgs field in (6.109) can be written as
¢ = €ay T 01€—a; T €ay + 0260, + €ay + 03603 + €ay + 00€—ay (6110)

where p; are the invariant coordinates of the Levi subalgebra and « is minus the highest root.

16Type IIB on this singularity engineers Argyres-Douglas theory of type (As, Dy).
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Written in matrix form, the Higgs field is [27]

0o 1 0 0 0 o9 0 0
oo 0 0 O |—=g O O O
0 0 0 1 0 0O 0 1
0 0 0 0 0 -1 0
O(w) = 2 (6.111)
0 -1 0 0 0 —o¢ 0 0
1 0 0 0 |—-1 0 0 O
0 0 0 —p2| O 0 0 -—p
0 2 0 0 0 -1 0
The particular threefold (6.108) is obtained by the base change
oi=cw (1=0,1,2,3) with C1L=Cy=C3= %‘, o= —%. (6.112)

6.7.2 D2-brane probe theory

The Higgs field ®(w) in (6.111), which encodes the background geometry, induces a superpoten-
tial deformation on the worldvolume theory of the probe D2-brane. This deformation decomposes

into four distinct contributions, each associated with a simple summand of the maximal subalge-

bra M C Dy:

OW =6W1 + 0Wqy + 6Ws5 + Wy (6.113)
with
Wi =k (P (1) , ) = W—qa, + 01(P1)Wa, ,
oWy =k (O 5 = W_q,y + az
2 FG( (¢2) ,MQ) w Q2(¢2)w (6.114)
5W3 =K ((I) (¢3) ) IMJ) = W-qy + QS(¢3)wOé3 )
Wy =k (P (¢0) , to) = W_ay + 00(P0)Waq

with g;(w) given in (6.112).

We now derive the effective superpotential. We ungauge the central node of the quiver: after-

wards, each colored node supports an abelian theory with monopole superpotential
Wi = —¢i(BRY + B RS)) + w_o, + cidiwa,  i=0,1,2,3. (6.115)
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Following the computation done in Section 6.2.1 (Building Block I), the U(1) disappears and we

obtain an effective local superpotential

Wers = Xi(Y; Zi + o — TOTI) — (T + T4V
= —X; (detM; — 0;(¢;)) — ¢, TrIM,;

(4) ,

(6.116)

Z; T

We now re-gauge the central node symmetry and we obtain the quiver in Figure 6.14 with

superpotential

3

=0

3

+ ) (=X (det M; — cich) + (da — &) TeM,) (6.117)

1=0

Weﬁ‘ =Tr

M

My
Figure 6.14: Effective D, quiver describing the fields coupling to the residual gauge symmetry.

Analogously to the flop of length two case, we can integrate out ¢; and X;, by using (6.96),

with now ¢ = 0, 1, 2, 3. They are determined as We obtain

3
Wer =Tr |30 | + 3 | LTem; det ;|

&
i=0 i=0

- : (6.118)

3 3
=Tr (U M| +200 Y i+ Y & (t? - %Triﬁt?) :
i 1=0 1=0

where in the second line we have used (6.98).

The relations that one obtains from the superpotential (6.118) are very similar to the simple
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flop of legth two cases studied above:

3
a\i,Weﬂ‘ =0 : Zgjtz =0
=0
3
OsWer =0+ > t;=0 (6.119)
=0
O, Werr =0 = W — 2200, =0
& Weg = 0 G4+ - — 55 T =

Let us explore the moduli space. The relations (6.119) imply U = O and t; = 0 (i = 0, ..., 3).”7
We are then left with the space parametrized by the four traceless matrices 91, and the singlet ¢,

subject to the relations

3
> Mi=0 and TN =2c;¢s. (6.120)

=0

Out of four traceless 2 X 2 matrices we can construct the quadratic and the cubic invariants

Gij = Tr [95@95@] and ¢y, = Tr [95@95%95%] : (6.121)
that are related by'®
1 Qi Qij ik
Ciip = 3 det | gi; g5 (6.122)
qik 4k 4Gkk

The quadratic invariants satisfy ¢;; = 2¢;¢4 and Z?:o ¢ij = 0 Vi. This reduces the number of
independent quadratic invariants to two. Let us take ¢ and ¢;3 as the independent ones. The

cubic invariants are all proportional to each others.” Let us take ¢;53 as the independent one.

If U and/or some of the ¢;’s are non-zero, it easy to check that the equations (6.119) have no solutions (except
for non generic values of ¢;, that do not include (6.112)).

8By expanding the traceless matrices 901;’s in terms of the Pauli matrices, we can associate three-dimensional
vectors v; to them. We then have ¢;; = 2v; - v; and ¢;j5 = 2iv; - (v X vg).

Let us see it in terms of the vectors v;’s. Since ), v; = 0, we have v;, - (v;, Xv;,) = v;, - (Viy X (=i, —V;, —V4,)) =
Vi, - (Vi X (—vi5)). Hence ¢;,4,i, = —Ci,inis = for any choice of the ordered quadruple (i1, 2, 43,74).
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We can then are parametrize the moduli space by ¢4, q12, 13, c123 that satisfy the relation

1 % 12 d13
Clag = D) det | gi2 % —q12 — 13 — %9254 (6.123)
413 —qi12 — 413 — %¢4 %

where we have used that (with the choice (6.112)) g11 = ¢22 = ¢33 = % and ¢a3 = —q12 — 13 —

If we now redefine the coordinates, according to
_ 1 i 1 1 g 1 1 _
Cl23 = 5T, Q12 = 5y + 32 — 5w, Q13 = —3Y + 32 — 5w, Gy =w, (6.124)

then the equation (6.123) becomes (6.108), confirming once again that the moduli space coincides

with the probed threefold.*!

Summary We have developed a systematic method to derive the 3d N' = 2 worldvolume
theories of D2-branes probing compound Du Val (cDV) threefold singularities. Our approach
extends beyond toric geometries, where conventional techniques fail, by using the geometric data

encoded in the Higgs field ®(w) as the primary input. Our main results are:

« We established a general prescription relating the superpotential deformation to the Higgs

field components, applicable to any ¢cDV threefold with known ®(w).

« For non-monodromic fibrations, where ® lies in the Cartan subalgebra, the prescription
reduces to simple polynomial deformations, which we verified against known examples

(conifold, Reid’s pagodas, generalized conifold).

+ For monodromic fibrations, where ® contains step operators, we developed an ungaug-
ing/mirror symmetry procedure that systematically reduces the problem to previously solved

building blocks.

« We successfully derived the quiver theories for several non-toric examples, including simple
flops of length 2 and the non-resolvable (As, D,) threefold, in each case verifying that the

“This is obtained by taking the proper linear combination of the four relations Z?:O q;j = 0.

“1We finally observe that using (6.120), together with (6.96), one obtains along the moduli space that ¢; = ¢y, for
¢ = 0,1,2,3. This is consistent with the fact that at generic point in the moduli space, the fractional branes have
recombined into a single D2-brane probing smooth points.
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moduli space reproduces the target geometry.

Systematic treatment of E-type examples presents additional technical challenges. Unlike the
ADE cases considered here, E-type colored Dynkin diagrams involve non-abelian colored nodes,
which complicates both the identification of the appropriate monopole superpotential deforma-
tions and the procedure for integrating out monopole operators through mirror symmetry. Our
results provide a concrete dictionary between geometric data (Higgs field, Levi subalgebra, base
change, colored nodes) and field theory data (superpotential, quiver structure, coupling constants,
monopole terms). This bridges algebraic geometry and supersymmetric gauge theory for an im-

portant class of singularities not accessible by other methods.
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CHAPTER

5D GEOMETRIC ENGINEERING: SIMPLE FLOPS AND

THEIR ORBIFOLDS

Over the past decades, considerable effort has been devoted to the classification of 5d SCFTs,
mostly within the paradigm of geometric engineering. The guiding idea has been to identify a
minimal set of geometric conditions on Calabi-Yau threefold singularities that ensure the exis-
tence of a well-defined interacting fixed point [39-44, 48-51, 91, 144, 145]. For rank-one theories,
a remarkably successful picture emerges from Seiberg’s analysis [38], in which the classification
is closely related to that of del Pezzo surfaces. This correspondence has undergone several refine-

ments and is by now understood to provide a robust description of rank-one 5d SCFTs.

Building on these insights, it was later conjectured that all 5d SCFTs should be classified by
Calabi-Yau threefold singularities of canonical type [44]. While this perspective provides a nat-
ural extension of the rank-one story, explicit constructions realizing this proposal remain rela-
tively sparse. In practice, most of the well-understood examples arise in toric geometry, where
powerful combinatorial tools—most notably the technology of (p, ¢) five-brane webs—allow for a
systematic analysis. Beyond the toric setting, the best understood non-toric examples are given
by constructions such as blow-ups of P? or Hirzebruch surfaces at multiple points, which still

admit a relatively controlled geometric description[41].!

'The authors of [41] introduce the concept of shrinkable threefold as a necessary and sufficient condition for the
geometry to produce a non-trivial SCFT fixed point. Shrinkable threefolds display canonical singularities. However, a
clear connection between the notion of shrinkability and the conditions stated in the Yau-Xie conjecture [44] remains
unclear.
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A key underlying assumption in these classification programs is that the local structure of the
singularity is sufficient to determine the physics of the corresponding 5d theory. In other words, it
is typically assumed that global features of the geometry do not play an essential role in defining
the fixed point. While this assumption is natural in many of the known constructions, it is not a

priori guaranteed in more general, non-toric settings.

In this work, we focus again on compound Du Val (cDV) singularities. In the previous chapters,
we have shown that these harbour a special class of K3 fibered threefolds (namely, threefold flops)
with a non-trivial monodromy structure. On the one hand, we have related this structure to the
group-theoretic derivation of the small resolution of the threefold 4.2.3. On the other hand, we
have managed to connect it to an interesting non-perturbative phenomenon occurring on a D2-
brane probe, that is, the generation of monopole superpotentials that lift the CB of the probe 5.1.2.
Now, we want to leverage what we have learnt from the probe to gain a deeper understanding of
what happens in five dimensions. So far, we have just briefly commented on the nature of the 5d
SCFTs arising from geometric engineering of M-theory on such threefolds (See section 1.4). At
first sight, these appear rather mild, as they do not give rise to non-Abelian gauge interactions in
five dimensions. However, they exhibit features that are intrinsically non-toric and lead to some
physical puzzles. These features call for a clearer understanding within the existing framework:
they must either be accommodated within the current classification picture or signal the need for

a natural generalization of it.

The simplest and most instructive example is provided by Reid’s Pagoda, a geometry that
closely resembles the conifold but differs in a crucial global aspect, namely in the way the local
patches of the normal bundle to the exceptional P! are glued together. As we will see, this seem-
ingly minor modification has significant physical consequences. It provides a concrete setting in
which global features of the geometry play a non-trivial role, and offers a window into a class of

5d theories that would seem only partially captured by existing classification schemes.

This work aims to analyze these geometries in detail and to propose a physical interpretation.
In particular, we will construct rank N families of 5d theories from orbifolds of Pagoda singu-
larities, extract their BPS quiver, and the main physical data associated with the singularity. We
will provide a detailed description of the rank 1 family. Although exhibiting strong similarities
with the toric LoclFs, this case harbours a peculiar matter sector, inherited from its parent, the
Pagoda. This matter sector is responsible for a mechanism that is not observed in the toric case. A
mechanism that constrains the behavior of the gauge coupling, illustrating how these construc-

tions call for a refinement of the current picture of 5d SCFTs. We provide a physical interpretation
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of this phenomenon by viewing these 5d SCFTs as deformations of toric orbifolds (such as local
F5) by a non-constant flavor background. By promoting the global flavor symmetry parameters
to position-dependent Higgs fields ®(w), we show that the geometry now has only an isolated
point-like singularity supporting a localized sector of fluctuations. We explain how the exotic
Pagoda matter is "trapped" by the geometry and elucidate the observed obstruction of the Kahler
moduli. We bolster our claim by supplying a 3d mirror symmetry analysis of D2-brane probes of

our geometries, based on the work presented in Chapter 6 (Soon to appear on the archive [37]).

These results open up several new directions for future investigation. Among the most in-
teresting are the analysis of wall-crossing and the stability of BPS states, aimed at determining
the BPS spectrum of the theories presented here, and the extension of the procedure developed
in this paper to higher-length flops [19], i.e., isolated threefold singularities generalizing Reid’s
Pagoda. In the latter case, preliminary results suggest that infinite families of higher-rank 5d

SCFTs emerge from abelian orbifolds of the Laufer length-two flop.

This chapter is based on original contributions, already submitted for publication to JHEP
and accessible at [58]. Outline. Section 7.1 reviews the Reid Pagoda, its quiver description, and
semistable representations. Section 7.2 Extracts the BPS quiver for a Z, orbifold of the Pagoda,
that engineers a family of rank one 5d SCFTs. Section 7.3 analyses the resulting moduli spaces and
their compact 4-cycles. Section 7.4 derives the central physical result: the freezing of the gauge
coupling at infinity. Section 7.5 offers a physical interpretation of the construction in terms of a
non-constant flavour background, first from the viewpoint of D2-branes and then directly in 5d.
Finally, Section 7.6 extends the construction to more general abelian orbifolds, giving explicit BPS
quivers with superpotentials for new 5d theories with rank anywhere from zero to an arbitrary
high number. In Appendix D, we expand the discussion on quiver representation theory, resolu-
tions, and stability conditions, connecting GLSM constructions, GIT quotients, and NCCR theory.
We discuss in detail the classification of stable representations of the 2-Kronecker quiver, which
is instrumental to the derivation of the stable spectrum of the conifold and the pagoda. Finally,

we describe the spectrum of semistable representations of Pagoda geometries.
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7.1 The Parent Theory: Pagoda Flops

The first ingredient we need is a construction of threefolds that behave very similarly to the

conifold, usually described as the equation in C*
Xeonifold @ UV = 22+ w?, (7.1)

which admits a small resolution X .14, such that the smooth threefold is the total space of the

normal bundle to the flopping curve, i.e.:

Xconifold = O(_1> ©® O<_1>P1 . (72)

This resolved space admits a description as the moduli space of the Abelian Klebanov-Witten

quiver [88] (see Figure 7.1).

g, Qg

U(Q1) ~—_ U(1)
517 52

Figure 7.1: Abelian Klebanov-Witten quiver.

For this Abelian case, the superpotential is trivial, and the moduli space is toric. The quiver
(with superpotential) can be physically interpreted either as the d = 4,N' = 1 theory on a
probe D3-brane, or as the supersymmetric quantum mechanics of a probe D0-brane. In this work,
we will always choose the D0-brane interpretation, which will be later generalized beyond the
abelian case through the notion of BPS quivers [87, 146, 147]. Therefore, all arrows appearing in
our quivers are to be interpreted as chiral multiplets for d = 1, N' = 4 quiver quantum mechanics.
M-theory on the conifold is believed to give rise to a 5d (trivial) SCFT with a free hypermultiplet,
realized by an M2-brane wrapping the exceptional P!. The only non-vanishing Gopakumar-Vafa

invariant is ngj} = 1, which matches this expectation.

Our main object of interest is the class of local Calabi-Yau threefolds known as Reid’s Pagodas
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[148], given by

kaPagoda : uv = 22 - U}Qk . (73)

They are an infinite family indexed by an integer %, with the k = 1 case being the conifold. They,
too, admit a small resolution that gives rise to a single floppable P!. Much like the conifold, we can
perform a small resolution of this via the following standard procedure: We enhance the ambient

space from C* to a product space C* x P!, and we impose the following system of constraints:

R. (81) -0 CChyn X ]P)[131:32] , (7.4)
52
whereby
u 2 +wk
R = . (7.5)
Z—w v

is a two-by-two matrix whose determinant is the defining equation for the Pagoda hypersurface.
Hence, along the hypersurface rk(R) < 1, and the matrix-valued constraint (7.4) fixes a point
in P!. Whenever R = 0 strictly, then (7.4) is trivially satisfied, and a whole P! is ‘freed up’.
A substantial difference with the conifold, though, is the multiplicity of the P!, Here, the locus
where the 2-cycle sits is:

u=v=2z2=0,w"=0 (7.6)

The last equation is the typical manifestation of a fat point structure. The P! should be seen as a
superposition of k copies of the same curve, localised at the origin of C*. Indeed, we will see that
any sheaf supported on this curve has a non-reduced moduli space. A way to characterize the na-
ture of the resolved geometry in full glory is to analyze the moduli space of representations of its
quiver path algebra. In Figure D.4, we have displayed the representation with U(1) x U(1) gauge
group. This particular representation corresponds to the integral D0-brane state, whose moduli
space spans the full resolved geometry. As we show in Appendix D.4, this is not the only stable
BPS state of the 5d theory. There are other (semi)stable representations which correspond to the
fractional DO branes or equivalently D2 and anti-D2-branes wrapped on the P1. These represen-
tations are rigid in the sense that the moduli space is a point, since fractional branes cannot leave
the singularity. However, the moduli space is not a variety, but a scheme, more precisely, a fat
point. This fact renders the physical interpretation of the BPS states less clear. When the moduli
space is a variety, there is a well-established criterion, proposed by Witten [106], to determine the

R-symmetry and the spin of the corresponding particle from the compact Dolbeault cohomology
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of the moduli space. This option is not applicable in the present case. Moreover, a naive interpre-
tation of the spectrum as k 5d hypers is in tension with the flavor symmetry determined by the
geometry. The fact that this geometry has only a single P! has the striking consequence that only
one real mass parameter is available. The corresponding Kahler modulus gives an equal mass to
all k£ matter fields, without possibility of tuning them independently. In other words, the U Sp(2k)
global symmetry that one would expect is broken down to U Sp(2). The QFT explanation for such
a phenomenon is not known to us. One possible mechanism for this might be a discrete .S, gauge
symmetry acting on the matter fields. This peculiar matter sector is central to our construction
of non-toric 5d SCFTs.

The theory exhibits a manifest SU(2) flavor symmetry acting on the bifundamental fields.
The pairs (aq, ay) and (f;, B2) each transform as doublets under this symmetry. To write the
superpotential compactly and manifestly invariant, we introduce the SU(2)-invariant symplectic

contraction:
a-B:=eafl; = a1 — . (7.7)

With this notation, the superpotential takes the form:

W ="Tr [wl (a-ﬂ—l—%ﬂw’f)—l—wg <ﬂ~a—k—ilw§>] : (7.8)

aq, Qg

Br, Ba

Figure 7.2: The DO0-brane quiver of the Reid Pagoda.

The sum of the two terms linear in the w;’s give the usual superpotential that would have led
to C?/Zy x C. For k = 1, the higher-order terms correspond to the mass terms used by Klebanov
and Witten.

One easily recovers the singular geometry by defining the bilinear invariants. The F-term

192



equations with respect to w; and w, impose:
a-B+wi=0 and —(B-a)+wh=0. (7.9)
Using the property that 3 - &« = —a - 3 in the abelian case, this implies:
wh = —(a-B) and wi=8-a=—(a-B). (7.10)
The F-terms of o and 3 imply that w; = ws = w, so we simply write:
a1fy — azfy = —w". (7.11)

We define the remaining affine coordinates as the symmetric combinations of the fields (with a

factor of 2 for convenience):
u=2aP1, v=2a90s, 2z=a1fs+ asf. (7.12)
To find the relation between them, we square the z coordinate and use the F-term constraint:
22— w = (a1 fr 4+ axf1)” — (1B — afB)” = (a1 o) (2B - (7.13)
Comparing this to the product uv, we see:
wv = (201 01)(2a282) = 4oy focra By . (7.14)
Thus, we recover the Reid Pagoda equation exactly:

w — 22 +w* =0. (7.15)

7.2 The Orbifold Construction

In the previous subsections, we constructed rank-zero theories. By orbifolding these geometries,
however, four-cycles will inevitably be generated, taking us to rank-one theories. As before, the
geometry will emerge from a quiver that will be obtained through a powerful mathematical con-

struction known as the McKay correspondence. These (not necessarily abelian) quivers are known
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as BPS quivers and describe the supersymmetric quantum mechanics on the worldline of BPS
states formed by D0-D2-D4 bound states on the orbifold.

The bridge between the geometry and the quiver is the Derived McKay Correspondence [107].
For an orbifold Y/ H, there is an equivalence of derived categories D.(X) = D (Y'), where X is
the crepant resolution and D (Y') is the derived category of H-equivariant coherent sheaves.
Practically, this implies that the fractional branes of the theory correspond to the irreducible
representations of the orbifold group H, and the quiver can be derived via group theory. We
have already seen an important instance of this in Section 2, when we reviewed the work of
Douglas and Moore [2] describing D-branes probing orbifolds C?/Z,,. We recall that the path
algebra underlying quiver gauge theories coincides with the NCCR of the probed threefold and

fractional branes can be mapped to objects in DX (V).

7.2.1 Orbifolding the Pagoda

We now apply the Mckay construction to Reid’s Pagoda. A priori we can choose from several
inequivalent Zs-actions; however, we have to impose that the superpotential be invariant under
it. If it were simply homogeneous, this would imply that the superspace ¢-variables would have
to transform under it, which means that H wouldn’t commute with the supercharges. Hence,
gauging such an H-action would break SUSY. Among the remaining choices, we will focus on
the action defined by the following weights (see however Section 7.6 for a quiver of more general
abelian orbifolds):
‘ ar az Bi P wr w
Ul)gage | 1 1 =1 =1 0 0 (7.16)
H=Z,10 0 1 1 1 1

This is only compatible with Pagodas of odd k. Using the matrix presentation of section 2, we

immediately write down the orbifold-invariant field content of the theory:

1. Neutral Fields («): Being in the trivial representation of group H, r, = py, & becomes a

diagonal matrix representing arrows within each sector:

. a(OO) 0
a— a= . (7.17)

0 a(ll)
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2. Charged Fields (3): Since 73 = p;, 3 becomes an off-diagonal matrix connecting the two

sectors:

R 0 5(01)
3. Charged Adjoints (w;): Similarly, the adjoints w; (: = 1,2) are charged and become off-
diagonal:
0 w(Ol)
w, 0

The resulting quiver is shown in Figure 7.3.

(00)
a 9
w1 Wo
o B
H wgm) wém)
/@ ﬂ(m)
2
Pagoda ot
Orbifolded Pagoda

Figure 7.3: The Quiver diagram transition. Bold symbols denote flavor doublets. Notation: ¢ =
(¢1, ¢2) represents an SU(2) flavor doublet.

Superpotential

The superpotential is determined by the gauge-invariant closed loops. We start with the parent

superpotential:

Whagoda = Tr (a : ﬁw1> + Tr <B o wg) - Tr (wi — wi™) . (7.20)

1
E+1
The orbifolded superpotential is obtained by substituting the block matrices into Eq. (7.20)

k+1

and taking the trace. For the polynomial term w"™", since w; are off-diagonal, a non-zero trace
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requires an even number of insertions forming an alternating path 0 — 1 — 0. ... The surviving

terms are:

: . 1
Wor = Tr (&~ Biin ) +Tr (B~ aci) + 1 Tr (W) (7.21)

whereby the trace runs over ‘color’ and orbifold indices. Written explicitly in terms of only a trace

over color indices, it would spell as follows:

Wow = Tr (a(oo) -3V wglo)) + Tr <a(11) . 310) w§01)>

i Tr(ﬁ(lo) . 00 w;m)) " Tr(ﬂ(m) Y wgm))

2
i 1Tr<g)§°’”w§1’°> . ..wﬁl’oi) (7.22)
k+1‘t,erms
2 0,1) (1,0 1,0
— k+1Tr<w§ )wé )...wé i)
k+1‘t’erms

7.3 Geometry of the Moduli Space
The geometry of the threefold is defined by the vacuum moduli space of the theory. This corre-

sponds to the set of holomorphic gauge-invariant operators (mesons) subject to the constraints

imposed by the F-term equations.

7.3.1 The Determinantal Variety

We define the orbifold geometry by first determining the transformation properties of the parent
coordinates u, v, z, w under the H = 7Z, action. Recall the charge assignments from the orbifold

construction:

« The base fields « are neutral.

« The fiber fields § and the adjoints w are charged.
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Consequently, as it is clear from (7.12), all four affine coordinates of the parent Pagoda theory are
odd under the orbifold action:

(u,v,w,2) — (—u,—v,—w,—2z). (7.23)

Since the coordinates flip sign, The ring of invariants is generated by all the monomials of
degree two in u, v, 2, w. There are ten such generators, which we arrange into a symmetric 4 x 4

matrix M:
Ut uv Uz uw

vu v vz vw
(u v oz w) = . (7.24)

Zu 2V Z AV

E nu < 2

The geometry is defined by two conditions on this matrix:

1. Rank Condition: Since M is constructed from the outer product of the vector (u, v, z, w),
it must have rank one. This implies the vanishing of all 2 x 2 minors, which are the defining

equations of the orbifold singularity C*/Z.

2. Dynamical Constraint: The parent Pagoda equation uv — 22 + w?* = 0 imposes the

following constraint on the matrix entries:

My — Masz + (My)* =0, (7.25)

The Orbifolded Pagoda is the intersection of these two conditions and it is a determinantal variety.

7.3.2 Resolution and the Hidden Surface

We can determine the topology of the compact 4-cycles by resolving the orbifold singularity. Our
threefold will be defined as a hypersurface in the ambient space C*/Z,, which is resolved by a
single blowup introducing an exceptional divisor £ = P3. In toric language, this resolution is

described by a Gauge Linear Sigma Model (GLSM) with a U(1) gauge field corresponding to the
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blow-up parameter \.?> The charge assignment is:

‘uvzw)\
1 11 1 =2

c (7.26)

The D-term constraint implies that u, v, 2z, w cannot simultaneously vanish, defining a P? base,
while )\ is a coordinate on the fiber of the line bundle O(—2). The exceptional divisor is located
at A = 0.

The geometry of the Calabi-Yau is the proper transform of the orbifolded hypersurface. Under
the blowup with scaling parameter ), the defining equation of homogeneous degree two is given
by

uw — 22 +wF A =0, (7.27)

The exceptional divisor corresponds to the locus A = 0:

« For k = 1, the equation is uv — 2* + w? = 0. This defines a smooth quadric surface in 3,

which is isomorphic to P! x P! = [f,,.

« For k > 1, the higher-order term vanishes, leaving the equation uv — z? = (. This defines
a singular quadric cone in P2. The minimal resolution of this cone yields the Hirzebruch

surface [F,.

Thus, the geometry of the orbifolded Pagoda contains a compact divisor of type F.

To see why the singular quadric in P® corresponds to a partially blown-down Fy, we describe
the latter torically as P (Op:(0) & Op:(—2)), which is the same as the following toric variety:

‘$1 T2 Y1 Yo
Ty : Cil1 1 0 -2 (7.28)
510 0 1 1

We can blow down the Kahler modulus associated to the first C*-action. This is achieved by

?Note that the GLSM is describing the toric variety resolving C*/Z,, while our nontoric threefold is described by
an algebraic equation in this space.
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writing its invariants. The resulting space is given by the ambient P3:

‘ U= 22Yy V= TIYe 2= TiTale W i= Y
1 1 1 1

7.29
Cs (7.29)

subject to the relation uv = z2. So, this describes an [, with its (—2)-curve blown down to an

Aji-singularity. This singular surface will be a central character to our story.

The appearance of the compact surface [F; already indicates the existence of a rank-one Coulomb
branch and, in an appropriate Kahler chamber, a low-energy gauge theory phase. In particular,
when the exceptional divisor is a genuine F, there will be an SU (2) gauge theory phase where the
Coulomb parameter will be described by the fiber class, while the volume of the base (—2)-curve

plays the role of the inverse bare coupling. We now turn to the analysis of this curve.

7.3.3 The Pagodina Curve

The most critical physics lies in the singularity of this divisor itself, which is also a singularity
of the threefold. To see the local geometry experienced by the BPS states, we analyze the local
neighborhood of the “north pole” of the exceptional P? (where w # 0). In the affine patch where

we set w = 1, the proper transform equation becomes:
ww — 22+ N =0. (7.30)

Since we are focusing on odd values of k, this is precisely the defining equation of a Reid Pagoda
of order p = (k—1)/(2). We will affectionately refer to the associated curve as a Pagodina® curve.

It will be our second main character, as it will host unconventional 5d matter.

This yields a striking structural observation: The Z, orbifold of a Pagoda of order £ contains,

within its resolution, a local geometry equivalent to a Pagoda of order (k — 1) /2.

Resolving the Pagodina singularity blows up a CP', the Pagodina curve, and turns the excep-
tional divisor into a smooth Hirzebruch surface 5. It is straightforward to see that the Pagodina

curve is precisely the rigid (—2)-curve of Fs (given by y» = 0 in (7.28)). We now do it explicitly.

3Given the composition of the author list, the use of the Italian diminutive was statistically inevitable.
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Let us start from the equation (7.27) in the toric space (7.26) and perform the shift
z=t4wk \ED/2 (7.31)
With this redefinition, the hypersurface equation becomes
uv =1t (t + 2w )\(k_l)/z) ) (7.32)

The singular locus is located at u = v =t = A = (0. We can resolve this space by blowing up the

ideal (u, t). The resulting space is given by the equation
uv =t (at + 2u" )\(k’l)/Q) =0 (7.33)

in the toric space

C*/1 111 =2 0 (7.34)

The divisor A = 0 in the resolved space is a Hirzebruch surface ;. The map between this pre-

sentation and the standard toric description of [, (see (7.28)) is given by
u =7, v = T3y, t = x129, o=1s. (7.35)

Under this identification, the Pagodina curve corresponds to the locus y2 = 0 in the standard toric

presentation, which in the present coordinates is given by v = o = 0.

Instead of resolving the singularity, one may consider deforming it. Working in the patch w =

1, where the singularity is located, the geometry is described by the Reid pagoda hypersurface
ww = 2% — \?P, (7.36)

with p = % This singularity admits 2p — 1 versal complex structure deformations. However,

only p of them are 5d dynamical degrees of freedom in M-theory in the sense of [149, 150],*

“Let us review the counting of the dynamical modes: the singularity (7.36) is quasi-homogeneous. Normalizing
its quasi-homogeneous weights gy, ¢, ¢-, ¢\ so that the polynomial in (7.36) has weight one, we have ¢, = ¢, =
q. = %, Q= Qi Now, define é =4 —2(qy + v+ ¢ +q\) = %, and Q; = jqy. Following [149, 150],if Q; < %
(or equivalently 5 < p — 1), The deformation is dynamical in M-theory. Recently, it was argued that the dynamical

deformations must satisfy instead the strict inequality Q); < % [151]. However, this does not alter our result in any
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namely
p—1
uv = 22 — N\ + Z CiA" . (7.37)

=0

In the five-dimensional theory obtained from M-theory on this threefold, The dynamical de-
formations correspond to giving vacuum expectation values to dynamical hypermultiplets. The
fact that M-theory on the Reid pagoda exhibits a p-dimensional Higgs branch is well established
in the literature [45, 96].°

Let us now return to the full threefold (7.32), restoring the coordinate w. In this case, the

dynamical deformations take the form

(k—3)/2
uww =t (t+ ka)\(kflm) + Z c;wr TN (7.38)
=0

Let us consider the £ = 3 case first (meaning p = 1). The only dynamical deformation is the

monomial w?. The equation (7.38) becomes
uv =t (t + 2w3)\) +cow? . (7.39)

The exceptional divisor at A = 0 is now a smooth quadric in P3, namely Fy, = P! x P'.

Although the defining equation is formally similar to the deformation of the local IF; geometry
to the local IF considered by [41], the physical interpretation is different. In the construction of
[41], the deformation corresponds to a non-normalizable complex structure deformation, which
geometrically implements a Hanany-Witten transition. In contrast, in our case, the presence of
the higher-degree term w®\? (equivalently ¢ w?) in (7.38)) renders the deformation normalizable
in the sense of [149, 150]. This distinction is crucial: while the [41] deformation encodes a non-
dynamical rearrangement of branes, our geometry describes a genuinely dynamical deformation

of the five-dimensional theory.

significant way.
>Notice that in the gauge theory regime, the Pagodina curve is blown up and the corresponding Pagoda matter
becomes massive.
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An even more surprising phenomenon occurs for £ > 5.° In this case, one can deform the
Pagoda singularity of the threefold by switching on all deformations proportional to A, while
keeping only the w? deformation turned off. E.g. for k = 5 we can deform the Pagodina singularity
as

uv =t (t + 2w5)\2) +cpwt) . (7.40)

The resulting threefold is completely smooth.” As a consequence, there is no remaining singular
locus that could support a crepant resolution, and hence no exceptional P! (notice that the excep-
tional divisor at A = 0 is still singular). In other words, the Kahler modulus is frozen. Physically,

this corresponds to freezing the theory at infinite coupling.

Summing up, while the singularity admits a small resolution at the undeformed point, generic
normalizable deformations proportional to A eliminate any crepant resolution, effectively freezing
a Kihler modulus at infinite gauge coupling. The quadratic w? deformation is an exception, as it

does not lead to such a freezing.

7.3.4 The Matrix Dictionary

To rigorously identify the geometric loci, we translate the affine coordinates u, v, w, z of the parent
theory into the operator language of the orbifolded quiver. Under the orbifold map, the scalar
coordinates lift to 2 x 2 matrices.

Using the matrix forms of the fields established in Section 3.2, we define the Coordinate Ma-

trices. The base coordinates U, V, Z are defined exactly as in the parent theory:

A

U

~

201 b1, V=2a20, Z=é1Pa+af. (7.41)

For the deformation coordinate, the quiver contains two adjoints w;, ws, we define two matrices

VAVZ'!
(01)
- 0 Ww:
W, = ! . 7.42
(w(m) 0) (7.42)

1

Note that all the matrices U, V,Z, W; transform in the sign representation of Z, (odd parity),

%In this case, the Pagodina singularity is a genuine Reid Pagoda, while for k¥ = 3 the pointlike singularity on the
w = 1 patch is a conifold.

"This is manifest from the fact that the deformed hypersurface (7.38) no longer admits a factorized form that
would allow for a small resolution.
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consistent with their off-diagonal structure.

7.3.5 Geometric loci via nilpotent quiver representations

We can now identify the exceptional geometry by exploiting via quiver quantum mechanics the
matrix structure of the orbifold coordinates, much like we did in the basic example of C? /7o x C,
in Section 2.1. The singular point of the affine variety is the locus where all coordinate invariants
vanish: v = v = z = w = 0. In our matrix formalism, this translates to the condition that
all coordinate matrices U, V,Z, W; are nilpotent. Stability conditions prevent us from setting
these matrices to zero; we can set all orbifold invariants to zero. These invariants are constructed

analogously to (7.24), by defining the following non-Abelian field valued matrix:

U U2 U.V U-Z U-W,
\% NP V.U V2 V.Z V- W
Mm=| (v = T (7.43)
7 2.0 2.V 22 7w,
W, W;-U W,-V W,;-Z W, W,

Now, to find the exceptional locus of the resolution, we simply set M = 0. Crucially, nilpotency
does not imply that the matrices themselves vanish. In a resolved phase, the D-term stability

conditions (FI parameters) prevent the fields from vanishing identically.

D 1Qul* =D Qo> =6>0. (7.44)

For our quiver quantum mechanics, we will choose the following FI parameters:
QLO <0L1 <0R0 <6R1 (745)

subject to 070 4 011 + Oro + Or1 = 0.

~

Seeing that all matrices ﬂ, \7, Z, W, are of the form

0 =*
x 0
the diagonal of M tells us that all four must be nilpotent. Then, the fact that their products are

all zero tells us that they are all simultaneously either upper or lower triangular. Our stability
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choice is such that they must all be upper triangular. We can now explore the compact cycles of

our geometry.

The F, Surface

To find the [y divisor, we search for a configuration where the coordinate matrices are nilpotent

but non-zero. Repeating the matrices here for convenience:

00) ,(01 00) ,(01
oy 0 g oyl 0 e
- (11) 5(10) ) - (11) 5(10) )
ay By 0 ay B 0

- 0 OégOO) §01)+a(200) §01) W B 0 w§01)
agll)ﬂ§10)+agll) §10) 0 ’ 1 w(lO) 0 :

1

(7.46)
We see that the minimal constraints we must impose to make them all upper triangular are

achieved by setting the "return" arrows to zero, i.e.

(10) w(10)
F, : 310 = ( %10)> —0 and w0 = (w%10)> =0. (7.47)
2

2

This forces all closed loops to vanish (nilpotency). The stability condition ¢ > 0 ensures that
we are on the resolved branch of the vacuum moduli space, meaning the fields parametrizing the
cycle cannot all vanish simultaneously. The surviving fields a(°?), o'"), B and w®Y serve as

homogeneous coordinates on the exceptional divisor.

It is easy to see that, upon restricting to this locus, we recover the quiver (see Figure 7.4) and
F-term relations of the NCCR of the 5 surface [152]. The GLSM related to the quiver in Figure 7.4

describes the Iy surface as the moduli space of the abelian quiver with all U (1) gauge groups®. It

is given by
agom agm) agu) agu) ﬁgn) 5501) wgm) wém) FI
Ci| 1 1 0 0 0 0 1 0 &
Cs| O 0 1 1 0 0 0 1 & (7.48)
C;| 1 1 1 1 -1 -1 0 0 |[&
C,| O 0 0 0 1 1 1 1 &

8Equivalently, the quiver representation with dimension vector d= (1,1,1,1).
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00)
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wém)

<1
Figure 7.4: Subquiver with [Fy as its moduli space.

where in the last column we have written the corresponding combinations of the stability param-

eters that are positive in the chamber we chose (i.e. 09 < 011 < Oro < Or1):

§&1=—00, & =0r, &{&=0p +0r=—00—011, &a=01+0m (7.49)

The relations that survive after imposing (7.47) are

(01) 00 _ (00)
A %01) =0 and (wgm) w%m))A:O with A= _1(11) a(lzl) . (7.50)

2 1 2

The Pagodina via Vertical Quiver Fusion

Having established that the threefold contains a [y divisor, and having isolated it in the quiver
moduli space language, we will now show in quiver language that there is a patch in the moduli
space where the threefold looks like an order (k — 1)/2 Pagoda.

The Pagodina curve is obtained by setting B = 0 in the space defined by (7.48) and (7.50).
From the last row of (7.48), we see that w(°") £ (0,0). Together with the relations (7.50) and the
stability conditions & > 0 and & > 0, this implies that both w§01) # (0 and wgm) # 0. We may
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therefore gauge-fix them to 1 in a neighborhood of the curve. This gauge-fixing identifies pairs
of nodes in the original quiver, yielding the quiver shown in Figure 7.5. After this identification,
the GLSM describing the threefold in this local region takes the form

00 00 11 11 01 01 10 10 10 10
o o o o B B B BT Wl Wi

11 1 1 -1 -1 -1 -1 0 0 |[&>0

= (7.51)

The superpotential is obtained by inserting w§°” = wém) = 1 into (7.22). This produces sev-

eral quadratic terms, that allow us to eliminate some variables; in particular they force Bz-(lo) =
%ﬁfm)(wiw) — wém)) and agoo) = 041(11). The resulting effective superpotential governing the re-

maining degrees of freedom is
Weff — Tr(a(ll) . ,6(01) w(10)> 4 Tr(,B(Ol) . a(ll) w(10)> 4 }TI' <<w(10))]0+1 _ (w(lO))p+1>
1 2 ? 1 2 ,

with the corresponding maps represented in the quiver of Figure 7.5. These are precisely the
quiver and superpotential of the Reid pagoda of order p = %
The geometry in a neighborhood of the Pagodina curve is therefore locally isomorphic to the
Reid pagoda threefold. Shrinking this curve produces a point-like Pagoda singularity localized on
the exceptional divisor. This sharply contrasts with the local [F, threefold, where collapsing the

(-2)curve gives rise instead to a line of A; singularities.

We can identify the representation corresponding to a D2-brane wrapping this Pagodina curve.
It would correspond to the Higgsed quiver Figure 7.5 with U(0) x U(1) gauge group. In terms of
quiver representations, this is the (0, 1) representation, and it has a zero-dimensional moduli space

P
510) > . We can easily find the lift of this representation

corresponding to a fat point C [wém)]/ < w
to the full orbifold quiver Figure 7.3: the 2, and 2, nodes have U(1) gauge group each, and the
other two are empty, i.e. the representation with dimension vector (0,1, 1,0) (starting from the
top left node, moving clockwise). That subquiver has only two fields, wélo) and wéw), subject to

the F-term and D-term conditions with the choice (7.45)

<w§°”)p (w;10>)p =0 (7.52)

P = [wf"]? = b — 00 > 0. 7:53)

P
This reduces the moduli space to (C[wglo)] / <<w§10)> ) as expected.
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Figure 7.5: Quiver after Higgsing.

Having established this, we easily deduce that this state is a gauge singlet by noting that the
dimension vector (0, 1,1, 0) has Dirac pairing zero w.r.t. all other possible representations, since

it sits in the kernel of the antisymmetric part of the adjacency matrix (7.75).

7.4 Higgsing Pagoda-matter: Coupling frozen at oo

In this section, we discuss the physical significance of the class of geometries we have intro-
duced. We claim that these give rise to 5d SCFTs that evade standard classifications, whether

field-theoretic or geometric, such as those found in [38, 39, 41], among many more works.’

The root of their peculiar physical properties lies in their inherent non-toricity. The punch
line is the following: We have found geometries yielding theories that, once their matter fields

acquire a VEV, do not admit any weak coupling regime.

These geometries give rise to theories of arbitrarily high rank,'* with an arbitrary amount of
so-called Pagoda-matter fields. We recall that these are states arising from M2-branes wrapping
O(0)® O(—2)-curves whose moduli are obstructed at k+ 1-th order by a superpotential. In many
respects, they behave as hypermultiplets, because their moduli space is zero-dimensional [153].
However, BPS quiver analysis identifies them as indecomposable representations whose moduli
spaces are fat points, i.e. C[w]/(w"). These uncharged hypers have a striking physical effect: their

presence allows for a mechanism that freezes the gauge couplings to infinite value.

°Note that the possibility of coupling cDV matter to higher-rank theories was already pointed out in [45], Section
4.3.2, in a different example.
Infinite families of theories with rank » > 1 will be introduced in Section 7.6.

207



To explain this, we revisit the relation between the geometry and the effective field theory.
Although we presented our geometries as Zj-orbifolds of the Pagoda, they can equivalently be
viewed as a deformation of the local [F; Calabi-Yau threefold, whereby the quivers are the same,

but the superpotentials are deformations as follows:
W = Wiscarry, + Wi, (7.54)

with the first term being the standard one for the toric variety

Wiocar, = Tr <a(00) _5(01) wgm)) Ty <a(11) '[3(10) w§o1)> (7.55)

+ Tr(ﬁ(lo) % wém)) + Tr(,B(Ol) oM w§10)> (7.56)

and the second one being the order k£ + 1 deformation:

2 0,1) (1,0 1,0 2 0,1) (1,0 1,0
Wy = k+1Tr<7CU§ )wg )...wg i) — k—+1Tr<3Ué )wg )...wé i) .

N~ ~~

k—+1 terms k—+1 terms

The effective gauge coupling of a 5d theory on its Coulomb branch (parametrized by the scalar
VEV ¢) is given by the second derivative of the prepotential F(¢). For the local Iy theory, the
one-loop exact effective coupling is [38, 90]:

1 O*F

P 07 - 2mg + 8| . (7.57)

In a standard local F; theory, m is a tunable parameter. One can take the weak coupling limit by
making the base curve very large (my — 00), which decouples the instanton particles and recovers
a perturbative SU (2) gauge theory. For the local F5 theory, we identify the lhs of (7.57) with twice
the volume of the curve in F5 of self-intersection +2. Consequently, the geometry dictates that
the effective volume of the base is shifted by the fiber volume proportional to the twist n = 2 of

the Hirzebruch surface [39]. Here, the two terms have distinct geometric interpretations:

+ 2¢ is the volume of the fiber P! of the surface.

1
2
2gyM,o

+ My is proportional to the inverse bare coupling squared (mg = )- Geometrically, it is

the volume of the base (—2)-curve of the [, surface.
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However, the "Pagoda matter" changes this picture drastically once we activate the further
normalizable deformations corresponding to giving VEVs to these fields. Turning on these defor-

mations obstructs the Kidhler modulus of the F5 base curve:
mo — 0. (7.58)

Substituting this back into Eq. (7.57), the effective coupling in this Higgsed phase becomes simply:

1
——— =28g|. (7.59)
93 f f(¢)
This has a profound consequence. In standard theories, one can keep ¢ small (near the SCFT
point) while making g.;s small by dialing m to be large. In the Higgsed Pagoda theories, this
"buffer" is removed. As we approach the origin of the Coulomb branch (¢ — 0), the effective

coupling g.rs diverges immediately and unavoidably.

Thus, the activation of Pagoda matter VEVs freezes the bare coupling m, to zero. This implies
that in this branch of the moduli space, there is no weakly coupled regime: the theory is intrin-
sically strongly coupled at the origin, and cannot be continuously deformed to a perturbative

non-Abelian gauge theory.

7.5 Physical Interpretation: Non-constant flavor background

In this section, we provide a string-theoretic interpretation of the superpotential deformation W},
introduced in Eq. (7.21). This is a rather speculative section, based on upcoming work [57] by some
of the present authors, building on a progression of ideas written in [19, 37, 56, 77]. We propose
that the Pagoda theories should be viewed as deformations of the standard toric orbifold theories,
such as the conifold or C?/Z, x C, or in our main case, local Fy, where the flavor symmetry
parameters are promoted to position-dependent background fields for the SU(2) global symmetry
of the original 5d SCFT.

7.5.1 The 5d Perspective

The M-theory interpretation of this new phenomenon is the following: The toric parent geometry

Kp,, contains a non-compact curve of A; singularities extending along the w-axis. In M-theory,
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this singular locus supports 7d degrees of freedom (associated with vanishing 2-cycles) propagat-
ing along the entire w-line. This is the background SU (2) vector multiplet.

2 = ¥, Geometrically, this

The Pagoda geometry is defined by the deformation uv — 2
describes an A, fiber whose deformation parameter p varies over the base C,, as pi(w) ~ w?*. For
any w # 0, the deformation is non-zero, the A; singularity is smoothed out, and the associated
2-cycles have finite volume. Consequently, the M2-branes wrapping these cycles become massive

and non-BPS.

The physical effect of the term w?" is therefore to localize the massless degrees of freedom.
Unlike the toric parent, where states can propagate freely along the w-direction, the Pagoda ge-
ometry generates a "geometric potential" that confines the singular sector to the origin w = 0.
The Pagoda matter consists of these localized states, trapped by the geometry itself. The back-
ground SU(2) vector multiplet contains three real adjoint scalars. We pair two into a complex

field ® and keep the third, @3, real. Their VEVs correspond to the geometric moduli:

() <+— Complex Structure (Smoothing), (7.60)
(p3) «— Kahler Form (Resolution). (7.61)

The Pagoda geometry is defined by the fixed background profile via the following spectral equa-
tion:

wv = det (I - z — (D)) (7.62)

for the following choice of background:

k
O(w) = (“(’) _?Uk> . (7.63)

A background in ¢ generates a potential for ¢3 of the form

Vo~ |[(@(w)), ]|

A constant background for (3 corresponds to a real mass deformation of the 5d SCFT, i.e. (ps) ~

my. For the Pagoda background, we see that there is only one available background

1 0
(3) = mq - (O _1> .
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Now, following the analysis in [24, 25], we know that ® for the Pagoda has k 5d dynamical fluc-

tuations. In an appropriate gauge, they can be written as follows:

0 1
o= (Pkl(w) 0) ’

where Pj,_;(w) is an arbitrary polynomial of degree k — 1, with k coefficients. These complex
structure moduli coeflicients are the projection of the full Higgs branch coordinates w.r.t. their
(C*)* coordinates, which are realized as Wilson lines of the 11d supergravity Cs-form. The con-

sequence of giving a vev to these deformations is that our background becomes:

<(I)new<w)>:( ut ! ) (7.64)

Po_1(w) —uw®
and as a result the spectral equation changes drastically:

uwv = det (I - z — (D)) (7.65)
=22 —w* + P (w). (7.66)

These are precisely the dynamical deformations according to the analysis of [150]. Note now that

we can no longer find a constant 3 that commutes with it, i.e.

[<q)neW(w)>7 903] ?é 0.

Geometrically, this tells us that the small resolution of the CY threefold (which corresponds to
blowing up the base curve of the Fs) is obstructed, as advertised. For our orbifolded Pagodas,
we actually apply this logic to the Pagodina, i.e., the resulting order % Pagoda geometry that
results from orbifolding the Kp,. It is in that geometry that the Kahler obstruction gives rise to

an important physical phenomenon.

7.5.2 The view from D2-branes

We can further clarify the origin of the superpotential deformation W, by considering the world-
volume theory of a spacetime-filling D2-brane probing the Calabi-Yau threefold. This perspective,

based on work in progress [57], utilizes 3d A/ = 4 mirror symmetry to map geometric deforma-
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tions to field-theoretic interactions.

The D2-brane probe admits two dual descriptions:

« The Quiver Frame: A D2-brane probing an A; singularity (uv = 2z?). The theory is an
affine A; quiver gauge theory where the SU(2) flavor symmetry is realized via monopole

operators and dual photons.

« The SQED Frame: The mirror dual theory, which is A/ = 4 SQED with two hypermulti-
plets (Q, Q) coupled to a complex adjoint ® of the SU(2) flavor symmetry. Physically, this
corresponds to a D2 probing a stack of two D6-branes in flat space. ® is an adjoint of that

stack.

In this setup, the Pagoda geometry (7.3) is realized by fibering the A; singularity over a com-
plex plane C,,. At the level of the probe D2-brane 3d theory, this corresponds to making the flavor
symmetry background ¢ depend on the field w controlling the position of the D2-brane on C,,.

In the SQED frame, this background enters the superpotential as a Yukawa-like interaction:

Wi =Tt (Q - (@(w)) - Q) . (767)
where for the k-Pagoda case, ®(w) takes the form (7.63).

In the quiver frame, the superpotential term (7.67) becomes a w-dependent complex FI term [12],

1
Wiy ~ —— whTt. 7.68
I (7.68)

This precisely matches the polynomial deformation terms ﬁTr(wkH) appearing in our BPS
quivers. On the other hand, by analyzing the linearized fluctuations of the background Higgs
field (7.63) using the techniques of [16], one finds that—unlike in the undeformed C?/Z, x C
background—the theory now supports modes localized at w = (. These localized degrees of free-
dom constitute what we refer to as Pagoda matter. Hence, these two observations are two sides of
the same mechanism: the ®-generated superpotential deformation both encodes the polynomial
terms in the quiver description and is responsible for the appearance of localized Pagoda matter

atw = 0.

We claim that this physical mechanism extends to all toric CY threefolds whose toric diagram

has a side with points along the segment, i.e., anything that has a boundary segment as in Fig-

212



Figure 7.6: Toric polytope for a threefold with a highlighted SU(3) global symmetry.

Figure 7.7: Toric diagram local [Fs.

ure 7.6. For such a theory, one can similarly introduce a position-dependent SU(3) background,

creating localized matter.

Now, we can apply this logic to local Fy, see Figure 7.7. This theory has a global SU(2) sym-
metry. By switching on a background Higgs vev (7.63), we claim that we end up with precisely the
theory of the orbifolded Pagoda (7.55). The localized Pagoda-matter multiplets are fully accounted

for by the analysis of linearized fluctuations of this vev.

7.6 More general orbifolds

We can apply the same procedure to much more general orbifolds and produce a wide class of

new 5d theories. The ambient space coordinates (u, v, z,w) admit a larger group of symmetries
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that preserve the structure of the Pagoda equation (7.3) and its holomorphic volume form.

The matrix formalism of Section 2.1 is directly generalized by choosing an appropriate matrix
representation of the orbifold action: fields ¢, of charge 41 under an orbifold group Z,, are
promoted to matrices of the form

0 f’l) 0o ... 0 0 0 .- 0 O™
(12) - (1,0)
0 0 o . 0 o 0 0 0
¢+ - ) d)* = 0 ¢(_271) : : )
(m—1,1) : . 0 0
(0 0) 0 ' 0 ¢+ (m—1,m—2)
N 0 0 0 0 0 o= 0
(7.69)

while neutral (charge zero) fields will be promoted to diagonal matrices. In this notation, the

superpotential for all cases is given by the master trace formula derived in Section 7.2:

1
k+1

Tr (U?lf“) — Tr (111’2““) . (7.70)

A . 1
o =1 ) 70 ()

Orb rla-Bw, ) +Tr (B aws +k+1
For a general abelian orbifold, the D0-brane supersymmetric quantum mechanics is always de-
scribed by the abelian quiver with U(1) gauge group at every node. We highlight three distinct

cases of interest.

7.6.1 Zy orbifolds of the Pagoda: generalization of the Z; case

We consider an orbifold group H = Zy, that generalizes the Z, example of Section 7.2.1. Its

action on the affine coordinates (u, v, z, w) is the following

‘UUZU)
ZN\111—1

(7.71)

where we require that N divides k + 1,i.e. k + 1 = ¢IV.

Like in the Z, case, we can understand the geometry of the orbifolded threefold by performing
a partial resolution. First, we describe the C*/Zy orbifold of the ambient space via the GLSM

‘uvz w A
111 N—1 —N

= (7.72)
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The geometry of the Calabi-Yau is the proper transform of (7.3) under this blowup:
uv — 2% + wk N0 = 0, (7.73)

Setting A = 0, we again obtain an exceptional divisor isomorphic to a degenerate [, in which the
(—2) curve has been shrunk. Moreover, upon restricting to the patch w = 1, we find a Pagodina
singularity of order k& — ¢."" Resolving the Pagodina curve via a small resolution, like in (7.33),
yields an exceptional divisor isomorphic to the [, surface. However, in contrast with the Z,
case, the resulting threefold now develops a C?/Zy_; singularity at a point on the F; fiber. This
singularity is inherited from the Zx _; orbifold singularity of the ambient space (7.72). Resolving it
yields N —1 ruled surfaces, each fibered over a base isomorphic to the Pagodina curve. Altogether,

the fully resolved geometry contains » = N compact divisors.

We now study the orbifold action on the quiver. The induced action on the quiver maps follows
from (7.72):

‘ . ay B P owr ws

Zy[ 0O 0 1 1 -1 -1

(7.74)

Using the matrix formalism, we can explicitly determine the adjacency matrix A, of the resulting
BPS quiver.'? From it, one directly reads both the rank 7 of the Coulomb branch and the dimension
f of the flavour lattice of BPS charges:

2, a=0b+1 (mod N),
Ap =<1, a=b—1 (mod N), r=N-—1, f=2. (7.75)

0, otherwise,

The matrix representatives & are diagonal, while B and w, that connect nodes ¢ — 7 £+ 1, have

the form (7.69). The corresponding quivers for N = 3, 4 are shown in Figure 7.8.

"For N = 2 one has ¢ = £¥1, and we recover p = k — g = 551,

12Results on the defect group of such theories will appear in [99].
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(b) N = 4

Figure 7.8: Antisymmetric BPS quivers for Z3 and Z, orbifolds (7.74).

7.6.2 7, orbifolds leading to Conformal Matter

We now choose an orbifold that acts on v and v with opposite phases, leaving z and w invariant:

‘U v Z w
Zm\1 10 0

(7.76)

This action is valid for any order £ of the Pagoda.

To understand the geometry, let us first consider the case m = 2. The additional C?/Z,
singularity created by the orbifold can be resolved by passing to the hypersurface

‘UG’UZU)

1 =210 0

uev =z"—w - (7.77)

C*

There are two Pagoda singularities of order k, located at the two poles of the blown-up P!. For
generic m, the situation is analogous: resolving the ambient C?/Z,, singularity yields m Pagoda
singularities, located at the m — 2 intersections of the exceptional P*’s and at one point on each
external P!, There are no exceptional divisors. The resulting 5d theory can be regarded as a new

example of 5d conformal matter [154].
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As regards the orbifold action on the Pagoda quiver, we have:

‘061 (%) 51 52 w; W2

(7.78)
Zw|-1 0 0 1 0 0
The quotient has the following adjacency matrix and values for r and f:
( , a=bmod2m
, a=b—1mod2m
Agp := r=0, f=2m. (7.79)

1
1
1, a=0b+ 1mod2m
0

L0, otherwise.

The matrix fields &, Bl, and w; are diagonal, while &; and Bg have the form (7.69). The quivers

for m = 3,4 are in Figure 7.9.

(@m=23

Figure 7.9: Symmetric BPS quivers for Z3 and Z, orbifolds (7.78).
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7.6.3 The General Abelian Orbifold Z,, x Zy

Finally, we combine the actions (7.71) and (7.76):

‘u v z
Zm|1 =1 0 0 (7.80)
Zn |1 1 1 —1

The induced weights on the quiver fields are:

‘ . az B Prowr ws
-1 0 0 1 0 O (7.81)
1 0 1 0 -1 -1

L,
Ly

In the quotient, we have the 2mN x 2mN adjacency matrix, r and f given by

p

., a=>b+2mmod2mN

., a=0b+2m — 1mod2mN r=mN-=f/2,

1
1
(7.82)
1, a=b+1mod2mN
0

f=2m+ N -2+ GCDI[N,2m].

L0, otherwise

We can express the new maps as N X N block matrices, where each entry is itself an m x m

matrix acting on the secondary orbifold index.

The resulting quivers for N = m = 2 and N = m = 3 are shown in Figure 7.10.
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@m=2 N=2 (bym=3, N =2

Figure 7.10: BPS quivers for the combined orbifold cases.

7.6.4 Orbifold of Reid Pagodas as deformations of toric orbifolds

We conclude with a unifying remark. As discussed above, the Reid Pagoda (7.3) can be viewed as

a deformation of the toric orbifold
thoric = (C X CQ/Z%
with the defining equation
vy — 22 =0, (7.83)

by the addition of a w-dependent term w?*.** This realizes the Pagoda geometry as a family over

w of deformed A; singularities.

Since all the orbifold actions considered above preserve Y., the operations of quotient and

deformation commute:

Deform ( Yioric Yioric
X = H( i ) = Deform(tT). (7.84)

3For a discussion of abelian and non-abelian orbifolds of C3 and their BPS quiver we refer to [124].
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The intermediate geometry Y./ H is a toric Calabi-Yau orbifold, while the final space X is a
non-toric deformation thereof. The deformation does not modify the compact divisors, but it
lifts the non-compact lines of singularities present in the toric model, leaving instead discrete

“Pagodina” curves supporting the exotic matter.

To identify the toric model explicitly, we now construct Xoic = Yioric/H. On the ambient
space C* of the Pagoda, the Zy orbifold acts as

(z,y,w,2) = (€, &y, Ew, E712), V=1 (7.85)

This action admits a natural lift to C?, from which the toric description follows.

1. Start from C3 > (g1, g2, g3).

2. Consider the group I' = Zyy C SU(3) generated by

¢ 0 0
e=10 ¢ 0 |, N =1, (7.86)
00 ¢2

3. First quotient by the subgroup [ & Z, C Z,y generated by €, acting as

g1 — —g1, g2 — — G2, g3 > g3. (7.87)

The quotient C?/Z, is isomorphic to Yy, with

=9}, Y=g = Z2=gi1g2, W= gs. (7.88)

4. The residual group
D' =Zon]70 = Ly (7.89)
acts on Y. precisely as in (7.85), upon identifying £ = (2.
5. Using the general identity V/G = (V/N)/(G/N) for N < G, we conclude

3
Y;oric o (C

X oric — - 5 -
! I Zon

(7.90)
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For N = 2, this Z, orbifold of C3 is well known in the context of the McKay correspondence,
and its crepant resolution yields
Xiorie = Tot(Kp,). (7.91)
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CONCLUSIONS

A central motivation of this work is the absence of a systematic framework for constructing quan-
tum field theories from geometries that lie beyond the toric class. A fundamental object in this
program is the quiver, a tool that bridges geometry and quantum field theory in a powerful and

universal way.

This is apparent in two different but related contexts. The first is the context of probe brane
dynamics, where quiver gauge theories emerge on D-branes probing the geometric background
and encode how geometric data is translated into field-theoretic interactions. The second is geo-
metric engineering, in which quivers provide access to the spectrum of BPS states of the theory
across all dynamical regimes. A notable feature is that the quiver naturally embodies the duality
between geometric and field-theoretic structures, making explicit the correspondence between

BPS states in quantum field theory and stable sheaves on a complex variety.

Then, our first target is the systematic identification of quiver gauge theories for geometries
that generalise toric cases. This leads us to consider compound Du Val (cDV) singularities, which
are approachable thanks to the strong structural constraints arising from their connection to
Lie algebra theory, while at the same time remaining non-trivial from the point of view of the
physics that revolves around them. The realization of these geometries via non-constant Higgs
backgrounds in M-theory [19, 25] has revealed the existence of not yet fully understood physical

phenomena associated with the peculiar structure of these spaces.

In this work, we leverage this construction to propose a physically grounded interpretation of
these exotic geometric features by analyzing the effects of the corresponding Higgs backgrounds
on the dynamics of probe D2-branes. In particular, we show that Higgs field configurations in-
duce superpotential deformations in the worldvolume theory. Following the RG flow that these
deformations trigger, we are able to reconstruct the effective quiver gauge theory and show that

its moduli space reproduces the probed geometry consistently.

A first main result is the identification of a concrete physical interpretation of constant but
non-trivial Higgs field configurations ®, in terms of their effects on the worldvolume theory of D2-
branes. Through their coupling to moment map operators, these backgrounds induce monopole

superpotential deformations and Fayet—Iliopoulos terms, which in turn deform the moduli space
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of the theory. This provides a dynamical realization of how geometric data is encoded in field
theory, allowing one to reconstruct families of singular geometries as families of moduli spaces
of deformed gauge theories. In this framework, structures such as ADE families and universal
flops naturally emerge, and geometric features such as singular loci and their resolutions admit a
direct field-theoretic interpretation. In particular, the presence or absence of residual U (1) gauge

symmetry provides a diagnostic for the resolvability of singularities.

Building on this perspective, we have developed a systematic method for deriving three-
dimensional N' = 2 quiver gauge theories associated with compound Du Val threefolds. The
method applies to both non-monodromic and monodromic Higgs field configurations, and incor-
porates a reduction procedure based on ungauging and mirror symmetry that allows one to treat
non-abelian backgrounds. Its validity is supported by agreement with known examples, and it
is sufficiently general to be applied to a wide class of geometries, including cases for which the

corresponding gauge theories are not yet known.

A second main contribution concerns the role of compound Du Val singularities in the con-
text of five-dimensional superconformal field theories. In particular, we have constructed new
infinite families of 5d SCFTs arising from abelian orbifolds of the Reid Pagoda geometry. Gen-
eral orbifold constructions give rise to theories of arbitrarily high rank, while, in the specific case
of a Z4 orbifold, one obtains an infinite class of rank-one theories. These rank-one theories can
be understood as non-toric deformations of the local F5; model and inherit a distinctive matter

sector—referred to as Pagoda matter—from the parent geometry.

Like local Fy, these theories admit a weakly coupled SU(2) gauge theory phase, where the
effective gauge coupling is controlled by the Kahler volumes of base and fiber curves in Fy. The
M?2 branes wrapped on the base curve constitute the Pagoda matter. We have argued that these
states are not charged under the gauge symmetry. However, they can’t be considered fully decou-
pled since their vevs produce an effect that drastically alters the theory. We have described this
phenomenon as the freezing of the gauge coupling. The Kahler volume of the base curve is the
bare mass of Pagoda matter states, and the only tuning parameter for the inverse gauge coupling.
Once we give a vev to these states, their mass is forced to zero, eliminating the weakly-coupled
regime and rendering the theory intrinsically strongly coupled. This behavior is not observed in
related geometries such as local Iy or local P! x P!, where the corresponding matter sector is

absent.
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We also provide a physical description of the mechanism responsible for the localization of
the Pagoda matter sector. In the orbifold geometries under consideration, this matter is supported
on the base of the Fy surface and arises from the structure of the Higgs field that engineers the
Pagoda geometry. From the perspective of the probe D2-brane theory, this is captured by a field-
dependent Higgs background which induces a superpotential deformation of the quiver gauge
theory. This deformation can be interpreted as a non-constant Fayet-Iliopoulos term, which lifts
part of the moduli space and leads to the confinement of fractional D2-branes at the origin of the
w-plane. In this way, the localization of the Pagoda matter sector admits a direct field-theoretic

interpretation.

This perspective furnishes a field-theoretic understanding of the obstruction to blowing up the
Pagoda curve. Fluctuations of the Higgs field around the background that engineers the Pagoda
geometry correspond to dynamical deformations of the geometry. When such deformations are
turned on, they generate a potential for the field controlling the Kéhler volume of the excep-
tional curve, forcing its vacuum expectation value, namely the Kahler modulus, to vanish. These
dynamical deformations are parametrized by vacuum expectation values of the Pagoda matter

sector, leading to the conclusion that such vevs obstruct the small resolution of the geometry.

We finally report preliminary evidence that this structure extends beyond the Pagoda case.
In particular, orbifolds of higher-length flops, such as the Laufer threefold, appear to give rise
to infinite families of 5d SCFTs of rank two and higher. While a systematic analysis of these
constructions remains to be completed, these results suggest that the mechanism uncovered in
the Pagoda case may be part of a more general pattern relating orbifolds of non-toric singularities

to families of higher-rank theories.

An important aspect of this construction is that the origin of the Pagoda matter sector can be
traced to an obstruction in the normal bundle of the exceptional curve. While the resolved ge-
ometry can locally be described as a P! with normal bundle O(0) @& O(—2), this local description
does not capture the obstruction, which nevertheless has direct physical consequences. In partic-
ular, it is this obstruction that governs the emergence of the additional matter sector in orbifold

constructions and ultimately leads to the freezing of the gauge coupling.

These observations point to a tension with the common expectation that local geometric data
fully determine the interacting 5d SCFT. Although the local geometry of the curve is indistin-

guishable from that of similar toric models, the obstruction—being invisible at the level of the
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naive local description—gives rise to physical effects that modify the interacting theory. This sug-
gests that certain aspects of the geometry not captured by the standard notion of locality may

nevertheless play a role in determining the physical content of the theory.

Taken together, the results of this thesis provide a physically grounded framework for extract-
ing non-trivial consequences of Higgs field backgrounds, a systematic method for deriving quiver
gauge theories beyond the toric regime, and new insights into the structure of five-dimensional

superconformal field theories.
Outlook
The results of this thesis open several directions for further investigation.

Completing the cDV programme. The methods developed in this work apply to ¢cDV singular-
ities of type A and D, where the Higgs field takes values in classical Lie algebras, and the mirror
duals remain abelian. The extension to E-type configurations presents a qualitatively new chal-
lenge: the colored Dynkin diagrams that arise involve non-abelian nodes, so that the mirror duals
are themselves non-abelian gauge theories with non-perturbative monopole superpotentials. De-
veloping a consistent treatment of these cases would complete the programme initiated here and,
importantly, would give access to quiver gauge theories dual to non-Lagrangian 3d theories that
are not reachable by other means. A complementary extension concerns non-abelian probe theo-
ries, obtained by considering stacks of D2-branes. This would promote the abelian quivers stud-
ied here to their non-abelian counterparts and provide access to the full path-algebraic structure,

including the noncommutative crepant resolutions associated with higher-rank representations.

Higher-length flops and higher-rank 5d SCFTs. The orbifold construction applied in this thesis
to the Reid Pagoda admits a natural generalization to simple flops of higher length, such as the
Laufer threefold [17, 97, 127, 131]. Preliminary evidence suggests that abelian orbifolds of these
geometries give rise to infinite families of 5d SCFTs of rank two and higher, in which the freezing
mechanism identified here persists in a more intricate form. A systematic analysis of these con-
structions would clarify to what extent the phenomena uncovered in the Pagoda case are generic

features of non-toric geometric engineering.

BPS spectra and wall-crossing. The BPS quivers constructed in this thesis encode the spectrum
of stable BPS states, but a detailed determination of the spectrum across the Coulomb branch —

including its wall-crossing behavior — remains to be carried out. A natural framework for this
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analysis is provided by the cluster algebra structure associated with the BPS quiver [20, 106, 110,
111, 146, 147, 155-163] which gives a rigorous combinatorial description of the stable chambers
and their mutations. This is currently a work in progress. It would also be interesting to under-
stand whether the freezing of the gauge coupling, which constrains the Kahler moduli space, has
consequences for the wall-crossing structure — for instance, by reducing the number of accessible

chambers or by forcing the spectrum to be rigid in certain regions of parameter space.

Relation to magnetic quivers and generalized toric polygons. The approach developed in this
thesis — extracting 5d physics from probe D2-branes and BPS quivers — is complementary to other
recently developed frameworks for studying 5d SCFTs beyond the toric regime. The magnetic
quiver programme [105, 164-171] provides an alternative route to the Higgs branch of 5d and 6d
theories, one that has proven particularly effective for theories admitting a brane web description.
For the non-toric geometries studied here, it is not clear whether a magnetic quiver description
exists, and if so, how the Pagoda matter sector and the freezing mechanism would manifest in
that language. Similarly, the generalized toric polygon (GTP) framework [14] incorporates certain
non-toric deformations directly into the brane web formalism. Understanding the precise overlap
between the GTP approach and the Higgs-field construction used here — in particular, whether the
obstruction data responsible for the freezing has a GTP counterpart — would provide a valuable

cross-check and could lead to a more unified picture.

Locality and classification. From a more conceptual standpoint, the observation that obstruc-
tion data in the normal bundle — invisible to the standard local description of the singularity — can
have direct physical consequences raises a natural question: what is the minimal set of geometric
data required to fully characterize the associated 5d SCFT The current classification programmes
(22, 41, 42, 44, 45] rely, implicitly or explicitly, on the assumption that the local singularity type
is sufficient. The results of this thesis suggest that this assumption may need to be refined for
non-toric geometries, and that the relevant additional data may be of a cohomological nature —
related to the obstruction classes governing the global structure of the exceptional locus. Clari-
fying this point could lead to a sharper formulation of the geometric conditions under which a

canonical singularity defines a well-posed 5d fixed point.

Relation to the 6d classification. Finally, a natural and important question that remains to be
addressed is whether the infinite family of SCFTs identified in this work can be realized via circle
compactification of a six-dimensional theory. This question is closely tied to the broader classi-

fication program, where evidence suggests that five-dimensional SCFTs admit a six-dimensional
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origin [42, 49]. From a geometric perspective, this amounts to asking whether the associated
Calabi-Yau threefolds admit an elliptic or genus-one fibration structure, at least up to birational
equivalence, as emphasized in the current literature [22, 40, 144, 172-174]. In the case of the
orbifold Pagoda geometries studied here, the absence of a toric description and the non-trivial
obstruction data in the normal bundle make it unclear whether such a fibration structure ex-
ists. Addressing this point would clarify the place of these theories within the classification of 5d
SCFTs descending from 6d, systematically developed in [172] using the combined fiber diagram
technology.
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APPENDIX

A.1 Supersymmetry in various dimensions

The structure of supersymmetric theories with eight supercharges across dimensions is summa-
rized in Table A.1. While the number of supercharges is fixed, the realization of the algebra and
the associated R-symmetry depend on the spacetime dimension. In five dimensions, N” = 1 super-
symmetry is governed by the exceptional superconformal algebra F'(4), whose bosonic subalgebra
is SO(5,2) x SU(2) g, and the supercharges transform as doublets of SU(2) z. Upon reduction to
four dimensions, one obtains N = 2 supersymmetry with superconformal algebra SU(2,2 | 2),
where the R-symmetry enhances to SU(2)g x U(1),, and the supercharges carry both SU(2)g
indices and U(1), charge. In three dimensions, the superconformal algebra becomes OSp(4 | 4),
with bosonic subalgebra SO(3,2) x SU(2)¢ x SU(2) g, and the supercharges transform in the
bifundamental representation, reflecting the symmetry between Coulomb and Higgs sectors. As
shown in the table, this dimensional hierarchy is mirrored in the scalar content of vector multi-
plets, which increases from one real scalar in 5d to a complex scalar in 4d and three real scalars
in 3d, while hypermultiplets universally contain four real scalars transforming in quaternionic

representations of the R-symmetry.
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Dim SUSY SConf Algebra Bosonic Subalgebra R-symmetry Q@ repr. Vector scalars Hyper scalars

5d N=1 F(4) SO(5,2) x SU(2)r SU2)r 2 1 real 4 real
d N=2 8SU(2,2|2) SO(4,2) x SU(2)gr x U(1), SU2)r xU(1);, (2,£1) 1 complex 4 real
3d N=4 0Sp(4]4) SO@B3,2)xSU2)cx SUR2)y SU2)c xSU2)y (2,2) 3 real 4 real

Table A.1: Supersymmetric theories with eight supercharges.

A.2 Canonical singularities: Absolute VS relative MMP

When dealing with complex surfaces, there is a clear, rigorous way of classifying them. It involves
the intersection theory of its curves inside the surface. Curves inside a surface qualify as divisors.
In particular, inside a surface S, it makes sense to talk about the self-intersection of a curve C,
C - C = C? € 7. Then, one can prove that there are classes of curves for which C?> = —1 and
others such that C? = —2'. The former can be described as the blow-up of a smooth point. The
latter are associated with a contraction map that produces a canonical singularity (i.e., a Du Val
singularity). As a consequence, we can think of simplifying a given surface geometry further and
further by shrinking all the (—1)-curves. Moreover, if the surface is singular, we have a well-
defined minimal way to desingularize it, which is by blowing up the (—2)-curves alone (without
introducing (—1)-divisors)®. Let us make a further comment.

It can be shown (See [126]) that given a singularity of generic type .S and a resolution f : S— S

we have:

Kg=f"Ks+ )Y _aC; (A.1)

where a; are the discrepancies (relative to the canonical divisor of .S) introduced by the exceptional

curves C; in the canonical divisor of the resolved surface. If S is canonical, we have:

a; >0 Vi (A.2)

ICurves with negative self-intersections are the only contractible curves in the geometry.
2The minimal resolution in dimension 2 is the small resolution in higher dimensions.
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The solution of a simple linear system for the a;* shows that a; > 0 when C? = —1 and a; < 0
for C? < —2. In particular, the discrepancy is zero only for (—2)-curves. From this, we learn that
minimal resolutions of canonical singularities are all crepant resolutions (and vice versa).

To summarize, in general, a minimal model over a surface is merely the result of smoothing out
unnecessary divisors (i.e., (—1)-curves). When the surface is canonical, this requirement coin-
cides with extracting only its crepant divisors.

When we go to higher dimensions, the notion of minimality becomes much less intuitive. Now,
divisors and curves are different objects, and the self-intersection of a curve is not defined per se
(only within a surface subspace of the total variety). The minimal model program was conceived
to classify (normal) complex varieties in dimension greater than 2 by finding a suitable generaliza-
tion of minimality. Mori identified the following condition as a measure of minimality in higher
dimensions:

Kx -C>0 YOCX (A.5)

Here Kx is the canonical divisor of a threefold X and C' is a generic effective curve, namely a
curve in the convex cone generated by a basis of Hy(X,Z). A theorem by Mori, known as the
Cone Theorem, states that for any effective curve in X such that Kx - C' < 0 (extremal curve),
there is a proper birational morphism that contracts the curve to a point. In surfaces, we just have
rational (—1)-curves since positive self-intersection curves are non-contractible (and it follows
from the adjunction formula that having Ky - C < 0 and C? < 0 at the same time is only
possible when the genus ¢(C) is zero). Then the MM is easily obtained by contracting all such
curves. In higher dimensions, it is not always simply a curve that gets contracted (this is a small
contraction). Contractions can involve blowing down entire divisors containing the extremal
curves. Moreover, performing these operations most often generates singularities, which may
spoil the original properties of the variety. Therefore, starting from a generic smooth projective
variety, it is no trivial task to land on its minimal model. The existence of the latter cannot even be
granted. To define a universal procedure for producing an MM starting from a generic variety is

precisely the scope of what is known as absolute MMP, which we define just below. There is, then,

31t just comes from computing the intersection:

Kg-Cj=f"Kg-Ci+» aiCi-C; =Y a;C;-Cj (A3)

The last equality follows from:
["Ks-Cj=Ks- f(C;) =0 (A4)
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a weaker notion of minimality that applies to resolutions of canonical and terminal singularities
[126]. In this case, the idea is to study geometries whose singularities are not too severe (it is the
case for canonical varieties) by constructing crepant maps to smoother versions (i.e., their relative
minimal models). As in dimension two, the passage to the relative minimal model extracts exactly
the crepant exceptional divisors and curves. The existence of a relative model for any canonical

threefold singularity is proven by a theorem [126], but it is hardly ever explicit.

A.2.1 Absolute MMP

Let us start with the definition of absolute MM:

Definition A.2.1 (minimal model). Given a variety X of dimension > 2, the absolute minimal

model on X is a variety S such that:

« Sis Q-factorial (i.e., any Weyl divisor D C S is Q-Cartier), and terminal
+ dbirational morphism f : S — X

o Kgisnef

Terminal means that S can still have singularities, but only of the terminal type. The last

property is the condition of minimality for varieties of dimension d > 3.

Definition A.2.2 (nef divisor). Given a variety Y of dimension d > 3. A divisor D € Y is nef if:

V effective curve C, D -C >0 (A.6)

Suppose we start from a generic variety X and want to obtain the MM on X. Running the
MMP on X then means:

1. Identify the effective curves C; € X, such that Kx - C; < 0.

2. Identify the contraction maps f; associated with each curve class. The contractions may be

divisorial, small, or fiber-like (in the latter case, the dimensionsof X drop upon contraction).
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3. If contraction f; is small (no divisor involved in the contraction), perform a flip.

4. Process terminates once K y becomes nef.

Step 3 is a modification of the geometry that one is forced to do each time the contraction is
small. Small contractions spoil a condition that is fundamental to guarantee that the singularities
introduced in the process are at most terminal. This condition is Q-factoriality. A flip is an op-
eration, similar to a flop (defined below), that shrinks the extremal curve C associated with the
small contraction and replaces it with a new curve C'* such that Ky+ - C* > 0and Ky ~ Kx+.
Just like flops, flips are isomorphisms outside the locus of the involved curve, and preserve the
canonical divisor. An important difference with flops is that flips can only go in one direction, as
positive-degree curves cannot be contracted (they can, but with bad consequences on the global
geometry). It is important to stress that both flips and divisor contractions introduce singularities
that would spoil the desired properties of the MM without any possibility of avoiding them. Then,
the MMP will not converge to a minimal model but to a different space (Mori fiber space or Mori
fibration). For details, we refer to [23, 148].

A.2.2 Relative MMP

Again, let us start from the definition:

Definition A.2.3 (minimal model). Given a singularity X of dimension > 2, a minimal model

over X is a variety S such that:

« S is Q-factorial and terminal

 Jbirational morphism f : S — X such that Kg = f*Kx

o Kgis f-nef

Here S is a crepant partial resolution of X. Crepancy is guaranteed by the condition on the
canonical divisor: Kg = f* K x. The definition here invokes a theorem (Reid [126]) which ensures
the existence of a minimal model (also called by Reid partial terminal resolution) for any variety

with canonical singularities. When we restrict to terminal singularities, minimal models are noth-

ing but the partial simultaneous resolutions of the families of ADE surfaces described in section
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4. A fundamental observation is that the relative MM always exists, but it is not unique. There is
indeed no unique way of extracting crepant divisors (or performing small resolutions) in such a
way that the outcome will have the desired properties (Q-factoriality and terminality). However,
for any given X canonical, all possible MMs will be related by some elementary transformations
which preserve the canonical divisor. Such transformations are known as flops. To define them,

we first introduce small contractions:

Definition A.2.4 (Small contraction). * Let f define a small contraction of Y to a variety Y7, i.e.,

a birational morphism:
f:Y =Y (A7)

such that Y and Y are isomorphic in codimension 1 and
for any curve in Y such that f(C) is a point in Y, Ky - C' = 0.

Definition A.2.5 (Flop). Let f and f* be two small contractions:

f: Y=Y
(A.8)
ffo Yty
Then, a flop from Y to Y is a birational morphism defined by the diagram:
Y --» YT
£l e (A.9)
Y’ Y’

Morally, the flop takes the space Y, contracts one of the Ky -trivial curves C, and then replaces
it with a new curve C'". The outcome of this operation is a different space Y+, on which Kx+ -
Ct =0.Y" and Y are isomorphic up to a codimension 2 subspace given by C' and C", and the
canonical divisors Ky and Ky+ are numerically equivalent (have the same intersections). Flops
are the only surgical operations on the geometry that one can perform to move from one minimal
model to another, as they preserve the relative nefness of the canonical divisor (the last condition
in A.2.3). This corresponds to: Ky - C' = 0, namely to the triviality of the canonical divisor on the

contracted curves. Let us give the full definition:

*A small contraction is the same thing as a small resolution. When seen as a resolution, it is always crepant (in
dimension > 3) because it does not introduce divisors.
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Definition A.2.6 (f-nef divisor). Let f define a birational morphism of Y to a variety Y':
f:Y =Y (A.10)

And let C be an (effective) curve in Y such that f(C') is a point in Y°

A divisor D € Y is f-nef if for any such curve:

D-C>0 (A.11)

Clearly, this condition is weaker than the first one A.2.1, as it involves only the curves in
Y that are vertical with respect to the base Y’ (namely, the curves that get contracted by the f
morphism). Note that f-nefness or relative nefness of the canonical divisor in A.2.3 is actually
implied by the crepancy of f. Indeed, for any contracted curve C, the condition K¢ = f*Kx
implies:

Kg-C=f'Ky-C=Kx-f(C)=0 (A.12)

So, all the curves that are blown-up in a crepant partial resolution are those on which Kg has
zero degree. These are the curves that give rise to the flopping transitions, which we have just
described. The relative minimal program can thus be seen as the characterization of the flop
structure over a canonical singularity. Each minimal model over a canonical singularity represents
one of the most economical ways (in terms of the number of divisors and curves extracted) to make

the variety terminal.

Note that f need not be a small contraction when we talk about MM. It can be any crepant map.
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APPENDIX

B.1 Relation among A, A;, A3, B for / = 2 universal flop

Here we derive the relation (6.103), that we used in Section 5.2.2 for computing the universal flop

of / = 2 equation.

We start by considering the identity:
A2A1A3 = tr(mom2momlmom3) . (Bl)

We replace the red-colored 901 with: 91y = g,1 — 9y, — 9My — M3, which comes from (5.54).
Since tr(9My) = 204 and M? = p;1, we have:

Ay A1 Ag = —tr(MoMM M DM 3) — 014245 — 0241 A3 + 04 Tr(DMpML 0T, MM 3).

Again, we use (5.54) to replace the colored 91,. As a result:

A Ay Ag = tr(MeMoyM N MM3) — 01 A2 Az — 0241 A3 + 0103 A2+

(B.2)
+ QgTr(momgmgml) — Q4Tr(9)?093?293?393?19)?3) + Q4Tr(9ﬁ09ﬁ29ﬁ1)A3 .
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Finally, we use again(5.54) to replace the 9; in red as M1, — 41 — My — Ny — M3, obtaining:

AsA1As = — tr(MpMMs MM M) — 014243 — 02 A1 A5 + 010342 — 0302(As + As)
+ 03 + 04 Tr(MMMN3MLM) — 04 Tr (MMM NT, M) (B.3)
+ Q4Tr(9.7109.7129ﬁl)143 .

Now, let us compute

Tr(MeIM9N,) = — Tr(MeMM2M3) — 04 A2 — 20402
= 04 Tr(MeMMy) — 0241 — 0142 — Ax Ay
= — 04Tr(MM M) — Q?LAZ - 29421@2 — 0241 — 0142 — A Ay
Tr(MeMN, M3) = — Tr(MeMMMoM3) — (As + 03) Tr(MeMM3) + 040342
= — [Tr(MMM3{M2, M3}) — 2040302] — (Az + 03) Tr(MeM2IN3) + 040342
= — [Tr(9M9M3) (A + 0f + 01 — 03 — 02) — 2040302
— (As + 03)Tr(MeMM3) + 0403 A2

(B.4)
where in the last line, we have applied (9, + MM3)* = (Loy — My — M)
Using these relations and the fact that Y, A; = —207 we can write
A A Ay = — tr(MeMM M MeMIM) — (01 + 07) A2 Az — (0243 + 0342) (A1 + 20]) (B.5)

+ 204 Te(MeMM) [A1 + 0F + 01 — 02 — 03] — 4030302
Finally, using tr(mgmgmy,mgmgmy,) = [tr(m0m29ﬁ3)]2 and B = tr(momgmg), we obtain

(6.103).

B.2 Universal flop of length 2 from SU(2) with 4 flavors

Let us see what happens in the mirror dual of the D, quiver gauge theory, when a background
for ® is turned on. The mirror theory is a SU(2) gauge theory with 4 flavors; it is realized by a
D2-brane probing a stack of 4 D6-branes (plus their images) on top of an orientifold O6-plane.

Mirror symmetry maps the moment map p (above (5.46)) into the meson matrix of the dual
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theory (SU(2) with 4 flavors):

[ @ @@
—Qe1G" —0Q
7 (B.6)

Let us consider the Higgs field generating the universal flop of length ¢ = 2, i.e. ® given in
(6.86). Turning on such a vev on the worldvolume of the D6-branes will induce the following mass

term on the probe D2-brane:

oW = %Tr((I)/\/l) = Qi1Q* + Q3Q" — Que Q1 + 01Q2Q"
+ 02(Q%)"eQ* + 03Q4Q°% + Q4(Q1Q1 + Q2Q2)

(B.7)

Here we adopt the conventions: € = eg, (€19 = —1), ¢ ' = €®,Q = Q%, @Q = QJ. The deformed

superpotential reads:

W = QUQ+Q1Q° + Q3Q" — Que 'QF + 01Q2Q" + 02(Q”)"eQ" + 05Q4Q° + 04(Q1 Q" + Q2Q°)

(B.8)
The mass terms in (B.8) deform the CB of the theory. To see this, let us analyze the mass spectrum
of matter fields on a generic point of the CB. Here the gauge group is broken to its Cartan and
U = 1)303 with o3 denoting the third Pauli matrix. The mass matrix is then given by

Y303 + 0419 1, 0 0 0 0 0 0
Ql]lg 1/)30’3 + ,Q4]lg 0 0 0 0 0 0
0 0 Y303 1, 0 0 0 e !
—_— 0 0 o3ly Y303 0 0 —e ! 0
0 0 0 0  —t303 —p4l2 —o011s 0 0
0 0 0 0 —]].2 —1/}30'3 — Q4]].2 0 0
0 0 0 —02€ 0 0 —p303 —p3ls
0 0 02€ 0 0 0 -1y  —t303

and the mass term reads WW,,, = %(Q, QY -m - (QT, @)T
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From it, we can deduce the monopole equation for the CB after turning on ¢ [32]:

Vo o VAR (030 = 6 (o — P o))

s s

At the denominator, we find the contribution from the W bosons’ masses, which are left un-

changed by the deformation. Out of V., 13 we construct the Weyl invariant operators:

Vi+V_ — — 0 Ve —-V_
z= 2, y= -2 + + (02 93)(2@1 Q4), T =y (B.10)
2 )2 2
Under such identifications, we have:
_ — )\ 2
2?4z (y | e 93);@1 @4>> = 2V V. (B.11)
The equation (B.9) then implies:
22 4 2 _((z+ 01— 01)* +4052)((2 + 03 — 02)° + 4022) — (02 — 03)*(01 — 03)°

z (B.12)

—2y(02 — 03)(01 — 0}) -
This is the expected equation (5.42) for the universal flop of length ¢ = 2.

The computation of the universal flop equation on this side of the duality, gives the same result
as computed with the mirror dual (5.66) (up to the coordinate change (5.43)). This is expected
as we believe in mirror symmetry. Of course, the match is perfect if the duality map is settled
appropriately, and this happens when the moment map M on this side is mapped by mirror
symmetry to p in the equation above (5.46) (moreover, we are also assuming that the abelian
mirror maps as in Section 2.2.3 are correct). One can also prove that, up to a proper rescaling,
the quantum monopole relations satisfied by the elements of ;1 reproduce the right relations the
meson matrix M should fulfill.
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APPENDIX

C.1 Levi subalgebras

In this section, we will give two simple working definitions of Levi subalgebras, for reading con-
venience. The first definition is only valid for s/,,C, the second is general. Both are equivalent,
and are consequences of the more formal definition, which we will not give, in terms of parabolics

and radicals.

Definition 1: Diagonal Blocks A Levi subalgebra of s/,,C consists in an algebra of block di-

agonal matrices, i.e. for sl5C, one possible Levi subalgebra is given by all matrices of the form:

x x 0 0 0
x %« 0 0 0
A=10 0 x x 0| €sl5C (C1)
0 0 x % 0
0 00 *

Defnition 2: Centralizers Given a semi-simple (diagonalizable) element x € g of a Lie algebra,

the centralizer [ C g, defined as

[:={y € glly, 2] = 0} (C2)
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is a Levi subalgebra. For instance, in sl5C, the Levi subalgebra associated with the following

element:
m;y 0 0 0 0
0 miy 0 O 0
xr=10 0 my O 0 (C.3)
0 0 0 my 0
0O 0 0 0 —=2m;—2my

consists in the subalgebra defined in the previous definition (C.1).
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APPENDIX

D.1 Quivers and path algebras

A quiver @ is a finite directed graph specified by the combinatorial data (Qy, Q1, h, t). Here, Qg
is the set of vertices, (1 is the set of arrows, and the maps h,t : ()1 — @)y assign to each arrow

its head and tail, respectively.

The path algebra C() is the C-vector space spanned by all oriented paths in (), with multi-
plication given by concatenation of paths whenever this is defined. For arrows a,b € ();, one

sets

a-bi= (D.1)

A representation pq of () with dimension vector d = (d;);eq, consists of a collection of vector
spaces and linear maps

pd {pali) = V; =~ C*, pa(a) : Vi) = Vi) (D.2)

i€Qo, a€Q1 ~

Quivers with potential. The category Rep(Q) of quiver representations is equivalent to the
category of finitely generated left CQ)-modules. More generally, one may impose relations on the

path algebra by specifying a superpotential W/, whose formal derivatives generate a two-sided
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ideal. One then defines the Jacobian algebra
A(Q,W) :=CQJOW,  IW = ((0W : a € Qy)). (D3)

Representations of A(Q, W) are thus representations of the quiver subject to the F-term relations.

D.2 Quiver representations and 6-stability

To construct moduli spaces of quiver representations, one introduces a stability condition speci-

fied by a parameter

0 = (0;)icq, € Z°, (D.4)
subject to the constraint
0-d=> 0id; =0. (D.5)
1€Qo

A representation pq is said to be §-stable if for every proper nonzero subrepresentation pq: C pq
one has
6-d >0, (D.6)

and 0-semistable if 6 - A’ > 0.

For fixed d, the space of representations of A((), W) carries a natural action of the complex-
ified gauge group
Ga =[] GL(d;,0), (D.7)
i€Qo

and the moduli space of #-stable representations is obtained as a GIT quotient.

D.2.1 From GLSMs to stable quiver representations

The relation with gauged linear sigma models (GLSMs) is that both constructions produce moduli
spaces as quotients depending on a stability parameter. In a GLSM, one obtains a space of the

form

V//eG, (D.8)
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and varying 0 produces different geometric phases, including singular varieties and their resolu-

tions.

In the quiver setting, the same structure appears in the moduli space of 6-stable representa-
tions of the algebra A(Q), W) for fixed dimension vector d. The data (d, #) therefore determine
a moduli problem, but neither of them alone is sufficient: the dimension vector specifies the size
of the representation, while # selects which representations of that size are retained. For fixed d,
the condition 0 - d = 0 leaves a family of possible stability parameters, organized into chambers

corresponding to different geometric phases.

Generation from a distinguished vertex. Let 0 € ()y be a distinguished vertex. A repre-
sentation is said to be generated by vertex 0 if the smallest subrepresentation containing V} is the

whole representation. Concretely, given a vector v € V{ and a path
p=ag---ay, t<a1) = 07 h‘<ak) = 7:7 (D9)
one obtains a vector in V; by

p()(v) = plax) o -+ o plar)(v). (D.10)

The representation is generated by vertex 0 if every V; is spanned by such vectors, for all possible

paths starting at 0.

This condition is enforced by a suitable choice of stability parameter. For a given dimension

vector d = (d;), define

Op=—> di,  Oi=dy (i#0), (D.11)
i#0
so that f - d = 0. The key feature is that §, < 0 while 6; > 0 for ¢ # 0.

Consider now a subrepresentation W C V with dimension vector d’. There are two possibil-

ities:
« If W contains V;, then dj, = d, and one finds
6-d <0, (D.12)
so W is destabilizing.
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« If W does not contain Vj, then dj; < dj and one finds
6-d >0, (D.13)

so W does not destabilize the representation.

Therefore, §-stability is equivalent to requiring that no proper subrepresentation contains Vj,

which is precisely the condition that the representation be generated by vertex 0.

Relation to geometry. From the physical point of view, the resulting moduli space is the vac-
uum moduli space of the quiver quantum mechanics describing a D0-brane probe. From the
algebraic point of view, in favorable cases the algebra A((Q), W) is a non-commutative crepant
resolution (NCCR) of the coordinate ring R of a singular variety [55, 175-179].

If
A EndR< D M> M, & R, (D.14)
i=0
one takes the dimension vector
d = (kM) (D.15)

which is determined by the geometry. The corresponding moduli space depends on the choice of
stability chamber, and the chamber described above selects representations generated from the

distinguished vertex 0. For 6 in this chamber, one obtains
Y =2 My(A,d), (D.16)

where Y — SpecR? is a crepant resolution.

Thus GLSMs describe individual GIT quotients associated with particular stability parameters,
while the non-commutative crepant resolution provides a single algebraic object whose moduli
spaces of stable representations recover these quotients, with the resolved geometry arising for a
specific choice of (d, 0).

The first example we are going to discuss is the so-called Kronecker quiver (with two arrows).
This will turn out to be very useful for the analysis of a class of unoriented quivers that includes
the Conifold and the Reid Pagodas. The representation theory of these rather complex cases is,

in fact, almost entirely reducible to the Kronecker’s, as was pointed out in [106].
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D.3 Kronecker quiver

This case is relatively simple to study due to the finiteness of the quiver’s path algebra. Indeed,
it has been worked out in full in the mathematical literature [180]. Anyway, it is instructive to

examine it in detail.

We want to study the representation theory of a quiver shaped as:

631

T
.W.

Figure D.1: Kronecker quiver.

A generic representation is given by vector spaces (V7, Vz) of dimension d = (dr,, dg) and
linear maps (a1, ) € Mg, x4, (C).
We now define stability with respect to a parameter = (0, 0g), defined by:

d-0=0 (D.17)
There are two independent choices:
0 = (_dRadL)7 0y = —0, = (dR, —dL) (D.18)

To study the 6-stability of the representation, it is convenient to represent the dimension and the

0 vectors as elements of a Z?2 lattice in R?.
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02

Figure D.2: xy-plane

The representation is unstable if at least a subrepresentation d’ is such that #-d’ < 0. Then, 6;-

—_ . d, i d
destabilizing subrepresentations are such that - < z—i. Similarly, for 6, we must have 7 > Z—’;.
L L

Let us first analyze 6,-stability.

D.3.1 0,-stability

This is quite trivial. Indeed, in this case, representation d’ = (0, 1) is destabilizing, and it is a
subrepresentation for any choice of dimension vector d and maps «;. In other words, the following

diagram is always commutative:

oL PR

CdL — % CdR
Q;

Figure D.3: Representation (0, 1) is always a subrepresentation of (dr,, dg).
Here, map ® = (¢, ¢r) denotes a homomorphism of representations.
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As a consequence, only (1,0) and (0, 1) are 6,-stable.

D.3.2 0, -stability

It is known that all f-semistable representations of the Kronecker quiver with two inner arrows
consist of [180]:
(k,k+1), (kk), (E+1k) (D.19)

It is instructive to concretely see why this is the case.

dr, < dg

The logic we are adopting is this: use the automorphism group of the quiver representations
(namely GL(dr) x GL(dgr), GL(d},) x GL(dl;)) to fix the maps «; and . Then, look for a map
® = (41, dr), such that «; - ¢, = @ - af. If such a map exists and d’ satisfies d' - §; < 0, we can
conclude that no stable (nor semistable) representation exists for the chosen d.

For clarity, let us set d;, = k and dg = k + n, with k,n € N.

First, we argue that all maps «; must be injective.

Suppose o7 were not injective. Namely:
IveCh st a(v)=0, a(v)=wecCH" (D.20)

Then, the span of vectors v and w would be a (1, 1) (i.e. a destabilizing one) subrepresentation of
(k,k+n)'.

Another necessary condition for stability is:
Imay @ Ima, ~ CH™ (D.21)

This implies: 2k > k +n > k. When k& + n > 2k we can always construct a destabilizing
subrepresentation by projecting away the cokernel of maps «; via an apposite ¢ (in other words,

we can map injectively @, Ima; into CF*7).

ITo see this we just need to take maps ¢, : C — C¥and ¢ : C — C"** suchthat: Im¢; = Span{v}, Im¢pr =
Span{w}
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From now on, we focus on the case: k > n. In this case, we can always write:
k=mn+1, meN,1=0,..n—1° (D.22)

We want to prove that, given arep (mn+1[, (m+1)n+1), there is always a subrep with dimension
vector (m(n — 1) 4+ 1, (m + 1)(n — 1) + 1) that destabilizes it. Namely:

Vg : Cmtl o cmtntl 30 0 by br st the diagram: (D.23)

o
(Cm(nfl)Jrl NN (c(m+1)(nfl)+l

or ®r

g g

(Cmn—&—l — 0w (C(m+1)n+l
Q;

is commutative® Let us show this iteratively. We start by considering the case m = 2.
We want to prove that no matter how we choose the maps of the (2n + [, 3n + [)-representation,

we can always identify a destabilizing subrep. To this end, we look for vectors v € C* such that:
a1(v) ¢ Imas,  as(v) ¢ Imay (D.25)

Indeed, if such a vector exists, by removing its Span from the domain C*, the dimension of Ima;; ®
Ima, decreases by a factor 2. As a result, we would get a (k — 1,k + n — 2)-subrep. Now, since

the a’s are injective we know that Imay N Ima, ~ CF=". Given the dimensions of domain and

2Alternatively we can say: (m + 1)n > k > mn for some m € N.
3Look at the inequality:
dp k+n
o < ;
d; k
Inside the window (m + 1)n > k > mn, the subvector (d} , d7) that satisfies the inequality while maximising the

/

ratio Z—}z is precisely of the form (k — m,k+n —m — 1).

(D.24)
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codomain, and the fact that the maps are injective, it is clear that there is a set of vectors {v; },—1__»

in the domain such that oy (v;) ¢ Imay Vi*.

What is not obvious is weather a(v;) ¢ Imay for at least one 7. To avoid the existence of such
vectors, we should choose a; and oy in such a way that as(v;) € Ima; Vi = 1, ..., n. However,
this is only possible if k — n > n.

In other words, when k —n < n, there is always at least one vector v in C* s.t. a;(v) ¢ Imay and
a3(v) ¢ Ima;. Any rep of this kind is destabilized by a subrep of dimension (k — 1,n + k — 2)°.

It is convenient to decompose domain and codomain in the following way:

c i > C
® < ®
Chn w > C
0y o

Ckfn

The domain is decomposed according to the action of ;. Namely, the C" is the span of vectors
{Vi}i=1,. n. In the codomain, the upper C" is the span of a;({v;}). The lower one is the span of
as({v;}). When k — n < n, there are vectors in Span < ay({v;}) > which do not have a o,

counterimage.

Now, let us consider the case k& > 2n. The subvector of d = (k, k + n) that maximises the
ratio di/d is (k — 2,k + n — 3). We want to find the necessary and sufficient conditions to
avoid the existence of such a subrep. Along the lines of the previous reasoning, we must prohibit

the existence of at least two linearly independent vectors in the domain whose elimination would

*We can always choose basis (using GLy(C) and G L, 1(C)) such that:

Apk Bik—n Orn
Uy — ; o = : , D.26
2 (On,k> ’ ! <0n,k—n Dn,n ( )
Here A and D are nonsingular square matrices. With this choice, the set {v;} is given by the last n vectors of the

canonical basis {e,},a =k —n+1,..,k
>Note that our reasoning is perfectly symmetric under exchange of a1 and a
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make the dimension of Ima; @ Imay decrease by a factor 3.° First, we impose that Span <

as({v;}) >C Imay. Otherwise we would be in the previous situation. Schematically, we have:

a7

v Cnr > C* ay(v)
«
® : &
-1 / o3
a; ap(v)=v C" > C" ag(v)
a
® : D
oy tasartan(v) = v Ck2n = > C" oy tas(Vv)
«
: &
(Ck’—Qn

If k — 2n < n, then we can surely find at least two vectors v, v/, s.t. a1(v) ¢ Imas, as(v) =

ay(v'), ag(v') ¢ Ima;.

If K — 2n > n, instead, for any pair v, v/, s.t. a;(v) ¢ Imay, as(v) = a1(v') we'll always find

av”, st. ag(v”") = ay(v’'). Consequently, removing v, v/ will only decrease the dimension of

the (union of the) a-images by a factor of 2. Iterating these steps, we can extract an answer for

k > mn. We want to find m vectors:

{vi, ., Vi } €CF st ay(vy) ¢ Imay, (D.28)
OéQ(Vl) = Oél(V2> = Oég(Vg) =..= Oél(Vm>, (D29)
as(vp) ¢ Imay (D.30)

SWe are looking for vectors v, v’ s.t. :

a1(v) ¢ Imas,  as(v) = ai(v'),

as(v') ¢ Imay (D.27)



(651

Vi C" > C" (V1)
® 2 ®

artay(vy) =ve C® = > C" az(vy)

(@ ag)™ M (v1) = vim C" = > C" ag(ay ag)™ 1 (vy)
@ N ®
Ck—mn ol ol
o o
Ck—mn

Again, this set of vectors exists only if £ — mn < n. If this condition is met, as the m vectors
are removed, the dimension of ®Imq; decreases by m + 1. We conclude that, for any &k = mn +1,
there is always a destabilizing subrep with dimension vector (k — m, k + n —m — 1). Note that,
forn = 1, k = m since (m + 1)n > k > mn. This implies: (k —m,k+n —m — 1) = (0,0).
Therefore, this argument doesn’t tell us anything about the stability of the x(k, k + 1) reps.

Let us analyze them separately.

(k,k+1) representations: We have to look for destabilizing subreps. So, first of all we require:

d = (dy,dy) Ay < kel (D.31)
d; k

Equivalently, we must have d}; < d). Trivially, we can exclude all subreps with: d = (k,k —

), 1=1,.,k+1,byimposing &;Ima; ~ C*!, The other possibilities are: d = (k—m, k+1—

m') with m’ > m’. The most restrictive case is for m’ = m + 1. But we know from the previous

argument that no (k —m, k + 1 —m — 1)-subrep exists unless k = m.

We conclude that finding stable (k, k + 1)-representations is always possible.

. !
"We have: 7’”,;17”;” < —kf —  m' > m—k'};l
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dL>dR

We now consider type (k + n, k) representation vectors. Now, maps o, ay have a Kernel of
dimension dim(Kera;) > n. Since the (1, 0)-representation is destabilizing we must impose that
N;Kerc; = {0}. This requires that £ > max;dim(Kerq;). The bound is minimized by k > n,
which applies when both maps are surjective®. From now on, we will assume both «;’s to be
surjective. As before, we look for destabilizing subreps, which can be defined for any choice of
o’s. First of all, note that subvectors (d},d%) with d; = d, are not destabilizing’. Then, take
a vector v € Keray. For what we’ve just said, as(v) # 0. Since o is surjective, there must be
a vector v/ € CF such that a;(v') = ay(v). But then, if ay(v') = 0 the two vectors and their
a-image form a destabilizing (2, 1)-subrep. At least a pair of such vectors exists only if k —n < n.

We can visualize it in the following way:

%)

v o C" as(v)
«
@ g ®
aylap(v) =v C" =2 Ck ™ aga; as(v)
Qg

(a7 az)?(v) = v Ch=2

The upper C" on the left is Kera;. Summarizing, in the interval 2n > k£ > n, it is always
possible to identify a (2, 1)-subrep, which makes the rep unstable. Iterating this procedure, we

discover that, for (m + 1)n > k > mn, there is always a destabilizing (m + 1, m) subrep.

8The bigger the Kernels, the easier it is to find destabilizing subreps. We have to look for destabilizing reps that
exist as subreps no matter how we take the «;.

d
9Whend’L=de, 1:f >k+in
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In the picture, we explicitly define a set of vectors {v;} =1 mt+1 st

ay(vy) =0 (D.32)
as(vi) = a1(va) = ... = a1(Vint1) (D.33)

To have ay(v,,11) = 0 we need k — mn < n.
(k + 1,k) representations Again, when n = 1, the above argument doesn’t identify any

dangerous subrep'’. So we discuss it separately. First, we observe that d; > d%;. That means
(dy,dy) = (s,s —1),withl =1,..;s, s < k + 1. Surjectivity of o, o already rules out subvec-
tors (s,s — 1) with [ > 1. Provided that s < k, we can always choose our maps in such a way as

to avoid these reps. So the rep (k + 1, k) is stable by construction''.

107t just tells me that (k + n, k) = (m + 1,m) is necessarily a subrep of itself

We can always fix the sequence of vectors that interpolates between Kera; and Keras to be as large as dim =
CF+1
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Explicit representatives for the stable maps of the (k,k + 1)

Let us consider the representation
dp =1, dr = 2. (D.34)

Then, oy, a4 are two column vector with two entries. They can not have a kernel, since then the
(1,1) would be destabilizing, (the (0, 1) is always a subrep, so either one of the twos is in any case
destabilizing). On top of that, the images must be linearly independent subspaces, else again the

(1,1) destabilize. We can hence gauge-fix,
a; = (a,0), as = (0,a9). (D.35)
The residual gauge group, that we did not use to fix the gauge, is
Gres = Cryy X C%ﬁnght, (D.36)

We notice that a; # 0 and as # 0, and hence we can fix them both to one with (D.36)

D.4 The semistable representations of the Pagoda quiver

Let us recall the equation of the Reid Pagoda:

X : uv — (2 — wh)(z + wk) =0, (u,v,z,w) € C*, (D.37)

A noncommutative crepant resolution of X}, is described by the two-node quiver of fig. D.4,
with loops wy, ws, arrows «; from the left node to the right node, and arrows f3; in the opposite

direction. Its Jacobian algebra is defined by the superpotential [18]

Wt
W = wa(a1 8y — 1) + wy(Brag — Paar) — rrl Rl (D.38)
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Figure D.4: Quiver of the Reid Pagoda.

whose F-term relations are

a1z — aafl — wh =0, (D.39)
Brag — Bray — wi =0, (D.40)
o;wy — waay = 0, (D.41)
Biws — w1 fB; = 0. (D.42)

D.4.1 Center of the Jacobian algebra

A basic structural property of a noncommutative crepant resolution A = Endg (M) is that its

center reproduces the coordinate ring of the singularity:
Z(A) = R. (D.43)
In the present case, the relevant central elements are provided by the loops
0,; = (Biay, o 5;), w = (wy,ws). (D.44)

The fact that w is central follows immediately from (D.41)-(D.42). The elements ©;; are also
central: the necessary commutation relations follow from the F-terms after suitable compositions

with the arrows. In particular, one obtains the identities

Biai 35 = By, i # 7, (D.45)
;B = a0, i # 7, (D.46)
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which are sufficient to verify that the ©,; commute with the generators of the algebra.

For a Schur representation )M, every central element acts by a scalar. Hence, one may write
O;; = A\ 1, w= A\ 1, Aij, Aw € C. (D.47)
The scalars satisfy algebraic relations inherited from the path algebra. In particular,
A12A21 = A11 A2, Ay = A1z + Aat, (D.48)
and eliminating, for example, \o; gives
A2(Al = Aiz) = Aridas. (D.49)

This reproduces the defining equation of the Pagoda singularity, in agreement with (D.43). Thus
the central scalars furnish a convenient coordinate system with which to organize the represen-

tations.

D.4.2 A remark on Schur representations

In the discussion below, it is convenient to restrict attention to Schur representations. This is
justified for the analysis of stable points, since a stable representation has automorphism group
equal to the scalars, and hence is Schur. The converse need not hold: a Schur representation need
not be stable for a given choice of f. Accordingly, Schur representations provide a useful class in

which to analyze stability, but should not be identified a priori with the full stable locus.

D.4.3 Representations supported on the exceptional locus
We first consider the locus
Ay =0,  Vij. (D.50)

Geometrically, this corresponds to the fiber over the singular point of the threefold, and one

expects it to capture representations supported on the exceptional locus of a small resolution.

Condition (D.50) implies that all composites 3;a; and a;; 3; vanish. As in the conifold case, this
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is achieved by setting one pair of arrows to zero. Choosing one chamber, we may impose

B1 =05 =0. (D.51)

The opposite choice o; = oo = 0 corresponds to the other flop chamber.

After imposing (D.51), the quiver reduces to a two-node quiver with arrows a;, as and loops

w1, ws. The F-term relations reduce to
wh =0, wh =0, Way; = QyW1. (D.52)
For a Schur representation, the central element w = (wq, ws) acts by a scalar, so we may write
wy = Ay Lgy, Wy = Ay Lg,. (D.53)

Then (D.52) implies
AP =0, (D.54)

w

and therefore \,, = 0 on such representations.
It follows that, on the Schur locus over the exceptional fiber, the loops do not introduce addi-
tional geometric moduli, although they do record a nonreduced structure of order k. In particular,
the problem of determining which dimension vectors admit stable or semistable representations

reduces to the corresponding question for the 2-Kronecker quiver. Hence the stable dimension

vectors are the same as in the 2-Kronecker case:
(dludZ) = <m7m+1)7 <m+17m)7 (171>7 m€N7 (DSS)
while strictly semistable representations occur for

(dl, dg) = (m, m) (D56)

The presence of the nilpotent parameter w should therefore be understood as a thickening of
the exceptional-fiber locus rather than as a change in the list of admissible dimension vectors. For
the purposes of stability, the reduced geometry is controlled by the same chamber structure as for

the 2-Kronecker quiver.
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D.4.4 Representations away from the exceptional locus

We now consider Schur representations for which the central scalars \;; are not all zero. In this
regime, the central relations (D.45)—-(D.46) imply proportionality conditions among the arrows.

More precisely, using (D.47) one obtains

Bi Aij = Bj N (D.57)
a; /\ij = Oy )\” (D58)

Whenever the relevant \;; are nonzero, these relations show that o, and (3, are determined by oy
and ;. In this sense, away from the exceptional fiber the representation theory reduces to that

of a simpler two-node quiver with one pair of arrows and the loops wy, ws.

Let us first consider the square dimension vector (m,m). In this case, if the corresponding
central scalars are nonzero, the compositions 13, and 51, are nonzero scalar multiples of the

identity. It follows that o; and 3, are invertible. After a change of basis, one may set
ap = :ﬂ_m, (D59)

and then f3; is also forced to be a scalar multiple of the identity. Hence all arrows act by scalars,
and the representation is a direct sum of copies of a one-dimensional representation. In particular,

such representations are semistable but not stable.

For rectangular dimension vectors, such as (m + 1, m) or (m, m+ 1), the same reduction sug-
gests that any nonzero representation away from the exceptional locus contains a proper sum-
mand of square type, and is therefore decomposable. At the level of stable representations, this
indicates that one does not obtain new stable objects away from the exceptional fiber. Since this
step depends on a more detailed analysis of the ranks of a; and /3, we state it here as the outcome

suggested by the above reduction rather than as a separate theorem.
Summary

The center of the Pagoda Jacobian algebra provides a natural set of coordinates with which
to organize its Schur representations. On the locus where the central composites ©;; vanish,
the representation theory reduces to that of the 2-Kronecker quiver, with the additional nilpotent
parameter w encoding a nonreduced thickening of order k. In particular, the stable and semistable

dimension vectors are the same as in the 2-Kronecker case.
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Away from the exceptional fiber, the nonvanishing of the central scalars forces proportionality
relations among the arrows, reducing the representation to a simpler form. For square dimension
vectors this yields only metastable representations, and the analysis strongly suggests that no
genuinely new stable representations arise in the nonzero-central sector. Thus the stable BPS
sector relevant for the small resolution is concentrated on the exceptional locus and is controlled,

at the reduced level, by the same stability pattern as in the conifold case.
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